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Preface to Fifth Edition. 



The first edition of this work appeared 
in 1879. A second edition being called 
for in 1901, the author availed himself 
of the opportunity to give a solution 
of the reinforced concrete arch of vari- 
able section. From this general solu- 
tion of the most complicated case, the 
method to follow for arches of steel, 
stone or concrete was at once apparent. 
In the fourth edition a chapter was 
added on the reinforced concrete or 
metal dome. 

In 1908 the author prepared a new 
edition of 'Theory of Solid and Braced 
Elastic- Arches,'' in which a very com- 
plete treatment of the reinforced arch 
was given. The author believes that 
this treatment presents some points 
of superiority over anything that has 
appeared; hence in preparing the fifth 
edition of this work, it seemed wise to 
incorporate as much of it in the discus- 



sion of the reinforced arch as the limits 

of space would allow. The partly- 
graphical method, as revised, has then 

been applied in detail in this work to 
reinforced concrete arches and the in- 
terested reader is referred to the above 
quoted work for the analytical method 
and that of single loads. 

Assistance has been derived from 
Prof. H. T. Eddy's "Researches in 
Graphical Statics'' in connection with 
the elastic arch; also from Dr. Her- 
mann Scheffler's 'Theorie des Voutes" 
in drawing trial pressure lines in vaulted 
structures. 

The theory of the elastic arch for arch 
bridges of stone, concrete, brick, etc., 
is advocated here, as in the author's 
previous treatises. This theory, as a 
practical working theory, receives direct 
confirmation in the many experiments 
performed by the Austrian Society 
of Civil Engineers and Architects, in 
1890-95, on arches of brick and con- 
crete. Wm. Cain. 

Chapel Hill, N C, April 28, 1909. 




The author has aTailed himself of t)ie 
opportunity, in this reTiBion, to give a com- 
plete solution of the ulastio arch of variable 
sectiou. The arch ot stt*I and concrete com ■ 
bined is taken up in detail to illustrate the 
general graphical treatment. The method 
to follow for other arches, aa those of steely 
stone or concrete, is at once apparent from 
the geoerat solution. 

The aim throughout haa been to give a 
clear analysis of principles involved, a know- 
ledge of tlie fundamental priaciples of the 
equilibrium polygon being alone assumed. 

This book, although independent of the 
author's other works on Arches, really sup- 
plements them, since in " Theory of Vous-soir 
Arches," the elastic arch of constant section 
is alone treated, and in " Tlieory of Solid and 
Braced Elastic Arches." the arch of variable 
section is very briefly considered without a 
completely worked out example 
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This work then deals especially with the 
most complicated case, and it is believed that 
a thoroughly practical solution is offered. 

About one half of this second edition is 
entirely new ; the remainder is substantially 
as it appeared in the first edition,* though 
often more condensed. 

Credit is given in the body of the work to 
those from whom the author has derived 
Bssistauce. Special mention though is due 
Dr. Hermann Sclieffler, as liis " Thkirie des 
Voutes " has been drawn upon for much of 
the theory in treating culverts and vaulted 
structures. 

The theory of the elastic arch for arch 
bridges of stone, concrete, brick, etc., is advo- 
cated here, Ba is the author's previous trea- 
tises. This theory, as a practical working 
theory, receives direct confirmation in the 
many experiments xierf ormed by the Austrian 
Society of Civil Engineers and Architects, in 
1890-95, on arches of brick and concrete. 

dupu. Bill, H. C, Angiuit 11, 1901. 
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THEORY OF THE ARCH 



INTBOlirCTORT, 




, The theory of the arch with variable 
f aectJon is conBidered in what follows, and 
a practical eohition is offered that is ap- 
plicable to arch bridges of any material, 
I Huch as ateel, concrete, or steel and con- 
I Crete combined. 

To secure the greatest generality, the 
I Bolid concrete arch of variable section, 
with embedded steel ribs, is first fully 
[treated. The modification necessary when 
I the ribs are omitted ie at once apparent, 
lis which case the theory applies to solid J 
luvhea of any material, stone, steel, con- I 
c, of variable section, aui, m 
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iact, to the "braced arch" of any ahape' 
or design. The theory of the arch with 
constaut section follows as a. special case. 

Therefore, although the steel-concrete 
arch is alone illustrated in the worked out 
examples given, the treatment is intended 
to show the working of the method to 
arches of any kind, and the method to 
follow in auy case is fully indicated in 
the text. 

Of the various types of arch bridges, 
those in steel and concrete combined, when 
scientifically constructed, possess many 
advantages, in that they can be easily 
moulded to the most desirable and beauti- 
ful forms, and the embedded steel ribs can 
supply, when needed, tensile resistances, 
which arches in stone, brick or concrete 
alone are not so well '■aiculated to furnish. 
The steel, too, is protected from the air by 
the coticrete, so that the structure should 
last indefinitely. It tlma presents a marked 
contrast to the unsightly steel truss with 
parallel chords, which counts its life in 
, decades. The concrete has not the com- 
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pressive strength of stone, but for ordi- 
nary spans, this is not a matter of import- 
ance, as the increase of section in going 
from the crown to the abutment, re- 
quired to avoid too much tension, is gen- 
erally more than suflBcient to provide for 
compression. 

It is perfectly practicable to construct 
an arch of steel ribs braced vertically, with 
stone voussoirs between the flanges. The 
combination would fiirnish all needed 
tensile and compressive strength for even 
large spans; but it would be difficult to 
protect the steel from rusting, perhaps, 
even with a concrete coating. The main 
objection to it, however, is that stone has 
not the same co-efficient of expansion from 
heat as steel. Certain authorities state 
that concrete has^ and further, experiment 
shows that concrete and steel (free from 
rust, paint, scale and oil) exhibits a Lirgo 
adhesive strength. The combiiiatiou then 
possesses so many good qualities tliat it 
will be thoroughly treated in wliat follows. 



F0HMULA8 FOR UNIT STRESS FOB A 
STEEL CONCRETE ARCH. 

2. Let iiB consider a concrete arch with 
Btee] bars embedded in the concrete as 
8how^l by the dotted lines in the longitn- 
dinal section, Fig. 1, and in cross section 
by the little rectangles in Fig. 'i, repre- 
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aenting a cross section of the arch ( 
where. The pair of bars in the i 
vertical plane will he called a rib, and ti 
may be of any pattern (angles, plates, et 
and connected by latticing if prefer 
though the latter is not necessary, i 
the concrete is fully capable of taking th™ 
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Bauring forces (exerted at right angles to I 
the ribs) which are small. It is under- I 
stood that the steel bars are free of paint, I 
oil, Bcale or rust, bo that when embedded, I 
the adhesion betw^een the steel and con- I 
Crete will be complete, and sufficiently I 
great to cause the concrete and steel to 1 
set as one mass. As Prof. Bauschinger j 
found the adhesion hetween iron and cou- 
crste to be from 570 to 640 pounds per ' 
square inch, which is about double the ( 
tensile strength of concrete, there should 
be no difficulty in haying the assumption 
realized. 

3. The steel ribs are generally spaced 
tmifornily a few feet apart, and in conse- 
quence a very rough approsimation has to 
be resorted to in practice to apply theory 
to the really very complicated case. 

It is assumed, that it is approximately 
correct to consider the material of the up- 
per bars to he distributed uniformly along 
an arch sheet that pasees through the cen- 
tre lines of the upper bars, and that the 
material of the lower bars is similarly dia- 
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tributed uniformly along an arch sheet 
that passes through the centre lines of the 
lower bars ; so that if A = area of cross 
section of the two bars constituting a rib, 
in square feet, and if the ribs, are spaced 
h feet apart, then A -r- ^ = A^ will be 
the area in square feet of the cross sec- 
tion of steel supposed in a slice of the 
arch contained between two vertical lon- 
gitudinal planes one foot apart. It would 
be safer, perhaps, to allow only a frac- 
tion of A^ in the computation, and cer- 
tainly it would seem advisable to limit 
S to a certain maximum, but as this must 
remain for the present, a matter of judg- 
ment, the simple assumption above will 
be made in what follows, and A^ in the 
formulas can be altered to suit the judg* 
ment of the engineer. Therefore a lon- 
gitudinal slice of the arch contained 
between two vertical planes one foot apart, 
will be assumed to have the cross-section^ 
Fig. 3. 

In this cross-section, which is properlj 
taken perpendicular to the neutral surface 
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aad approximately at right angleB to the 
soffit. 
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A, = area of concrete in square feet. 
A, = area (shaded) of two steel bars in 

sqnare feet = A -i- 5. 
d, = depth of arch in feet. 
d^ = depth of steel rib in feet. 
b ^ distance in feet from soffit to cen- 
tre of gravity of steel rib. 

The modulus of elasticity in pounds per 
sqoare foot, 

for concrete = E„ 
for steel = mE, = E,. 

l%e neutral surface of the arch, whew 



§4] 14 

the atreaa due to bending momenta only ia 
zero, intersecta tke plane of the crora- 
section, Fig. 3, in nn. 

4. Id Fig. 4 is shown a side view ot a 
part of the supposed arch, 1 foot wide (of 




which Fig. 3 is the cross section), con- 
tallied between two planes perpendieular 
to the neutral surface nn', and making an 
angle a in circular measure, before strain 
between them. A vertical plane midway 
between the faces of the supposed arch, 
intersects the neutral surface in the line 
nn' = Ja feet in length, which may be 
called the neutral Line, and the forces act- 
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ingnpon the artificial vousaoir considered, I 
will have thoir resultants acting in this | 
medial plaue; hence the problem ia i 
fen-ed to one of forces acting in oue plane. 

Let R be the resultant of all external i 
forces acting upon the section passing 
throngh n, the forces considered being the 
right reaction, and all loads acting on the 
arch from the right abutment up to the 
section {or joint) passing through n. Aa 
is well known, when the true equilibrium 
polygon has been located, the line of 
action of II is given "by the side of the 
equilibrium polygon pertaining to ?;, and 
its amount and direction, from the ray of 
the force diagram, parallel to this side. 

As a and ^« will be considered very 
small, the voussoir can be considered witii- 
ont weiglit or loads acting on it, and be 
treated as a free body acted on by E and 
the stresses resulting from the action of 
the part of the arch to the left of ?i upon 
the section through ». To ascertaic I 
these stresses, couceire applied at n two 4 
opposed forces + K, — R, each equal »ni I 
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parallel to R. The single force B ib tbas 
replaced by a couple EE -and a force + R 
acting at ?i. The latter may be decom- 
posed into eomponenta T and N tangen- 
tial and normal to nn' at 7i. The fores 
T cauees a uniform shortening of the 
fibres on the vonasoir (aa will be proved, 
in Art. 10) bo that the section is moved 
parallel to itself under its action. This 
is not shown iu Fig. 4, to avoid confusion. 
The force K acting along the section is 
the shearing force and having but a small 
effect in the deformation of the arch, is' 
neglected. 

5. The couple RE is principally effec- 
tive in changing the CuiTstnre of the arch, 
and its moment is most conveniently 
found by multiplying the horizontal com- 
ponent of R=H, the pole distance, by ths' 
vertical distance fi'om w to R. Thus calt 
this distance in feet = t ; then if R is re-' 
solved where the vertical througli n cuts- 
it, into a hoi'izontal component H and a 
Vertical componen tjthelattei- acta tbronghj 
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n; hence the moment M of K about n = 
moment of couple RE = H^. 

M = H^ {in foot pounds)^ (1) 

when H is in pounds and t in feet. 

Under the action of this couple, the 
angle oc is changed to a\ and the curva- 
ture is increased if R cuts the sectiou 
below n (as then the greatest compression 
is at the intrados), and decreased when 
R cuts the section above n. If we call 
Aa = a' — a^ and regard M as + when 
right-handed, this amounts to saying 
that, 

jda is plus when M is plus and there- 
fore R acts below w, 

jda is minus when M is minus and 
consequently R acts above n, 

6. Call the distance of any fibre from 
nn' = v, this being plus for a fibre 
above nn\ minus below. As 7i7i' is very 
small, it can be treated as an arc of a cir- 
cle, and the axis of a fibre in the same 
plane as concentric with it. The length 
of the fibre before flexure is (4 s -V oja"^^ 
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after flexure {j^s + va') ; its change of 
length is, v{a' — a) = r,zJ«. Calliug its 
cross-section = a in square feet, and the 
nnifc stress on it due to M — /in pounds 
per square foot, the stress on the fibre, if 
of concrete, is 

(2) 



and if of steel, 

/„ = ^i^f^„E, (3) 

"' jds + va ' ' ' 

by the ordinary formula connecting stress 
and deformation, 

elongation of fibre „ 
■' ~ length of fibre 

It is plain that { J« + va) in the de- 
nominators, can be replaced by ^s with- 
out appreciable error. The sum of all 
the stTesses (due to flexure only) acting 
on the entire section at n is, therefore, 

•2(/«) = ^- 2(«), (4) 
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irlieTe a is to be replaced by na in tb 
summation for the steel bars; which i 
the same as if at the distance of each 
Bteel bar from the neutral axis, » times , 
the same area of concrete was taken. 

Recurring to the free body, Fig. 4, in 
eqnilibrinm undertheactionof Rand the 1 
resisting streesBS along section »;; since ' 
the algebraic enm of the components of 
all these forces perpendicular to section 
at n equals zero (by a law of mechanics), 
and since T, the component of H, is 
directly balanced by the gtre3Bea that 
cause a uniform ahortening of the flbres 
on the section (Art. 10), it follows that 
the remainjfig normal etreaaes (due to M) 
must balance independently, 

2/a = 0, or, Sva = o ; 

which shows that the neutral axis «»' ' 
paBsee through the centre of gravity of 
the revised area of the section. 

Therefore, recurring to Pig. 3, with, 
fiie notation of Art. 'i, and calling g the 
distance in feet from the lower edge of 
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cross-section to the neutral line ww, we 
have, for the revised area, 

g(A..+ nA,) = (A.| + «A,*) (5) 

which determines q. 

7. The moment of the stress (af) abont 
n on any fibre is {afv)j 

for the revised area. 

Designating by I, the moment of iner- 
tia of the concrete (of area A,), and by I^ 
the moment of inertia of the actual area 
of steel, Aj, (Fig. 3), both in feet, 

2v^a = 2{v^a) for concrete + 2(yan) 
for steel =1, + nl^. 

.-. M = E, 4r7 (I, + ni;). 



A 



s 



Aa — r-— — -. (6) 

By reference to Fig. 4 and noting that 
the sections were drawn 2)erpendicular to 
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the neutral axis, it is seen that (6) gives 
^a^ or the change in the angle between 
the tangents to the neutral line at w 

and n' due to the couple RR whose mo- 
ment is M. This approaches the exact 
truth as near as we please, a,& jda and ^s 
approach zero indefinitely. Therefore, 
if we could proceed by analysis alone, 
Ja and ^s are replaced by da and ds 
in (6), and the result integrated to find 
the change in the inclination of the end 
tangents of the neutral line corresponding 
to a length s measured along that arc. 

8. To apply the graphical method, how- 
ever, an approximation must be intro- 
duced here whose significance must be 
carefully noted. The assumption is, that 
for an appreciable length of ^s (several 
feet, for instance) z/a is given by (O), 
provided M is taken as constant and 
equal to the value corresponding to the 
mid-point of nn\ Fig. 4, or ^ As distant 
from either n or n^^ E,, I, and I^, being 
likewise taken there. 

As the total change in the inclination 



for 

D 

I- 
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of the end tangents for a length s is ti*. 
sum of all tlie infinitesimal changes for 
the part of the arch considered, or, 



Js being very small, the assumption 
ahove is that this eipressioii is equal ap- 
proximately to 



where s — ^(Js), M„ is the moment at 
the middle of s, and B„ I, and I, the 
corresponding quantities at the same 
point. 

This assuinptioii. though not exact, ia the 
most reasonablo that can be mude, but it can 
only be tested for Ii and 1, Tariable, in a. 
numerical emuiple. If Ei, Ij, 1, are constant, 
as for an areh ring of the same cross-section 
and El constant throughout, and j^s ia also 

L constant, then the previons supposed eqaalitj 

^teducea to. 



2(M,^s)=M.^-, 
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so that, if 8 is laid off along a line and divided 
into the equal lengths ^8 and ordinates M are 
laid off (say) at the middle of each ^8, then 
^(M^s) represents an area and Mo is its mean 
ordinate. Now, as M is proportional to t (§ 5) 
and calling to the value of t corresponding to 
Mo, if the true equilibrium curve for the arch 
pertaining to the space 8 considered satisfies 
the condition 2(t ^8) = to8y then the assump- 
tion is exactly realized. This will be nearly 
true if the successive values of t are equal or 
are increasing in going from one end of 8 to 
the other, or decreasing over the same length, 
but not for the case where t increases over a 
part of 8 and decreases over the remainder, 
as a rule. The extreme limit of error -is 
reached when to, the vertical distance from 
the middle of 8 on the neutral axis to the 
equilibrium curve, is greater than any of the 
other ^*s over the same length «. This cannot 
be guarded against in advance, but a study of 
equilibrium curves shows that it can generally 
happen on only two divisions of the neutral line 
and even here, the error is often slight in conse- 
quence of the curve running nearly parallel to 
the neutral line for a good part of a usual 
division. 

9. Let/j= stress per square foot on an 
extreme fibre of the concrete, whoso dis- 
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tauce from the neittral axis is v, f ee{ ; 
then from (2),/,= v,E, --j-, and elimi- 
nating --r- between this equation and 
(Jo), we find, 



Similarly the stress per square foot in an, 
extreme fibre of the steel =/„ distant 
v, inches from the neutral axis, from (3) 
and (6), is, 

" I, + wi : 



/,= 



i 

nan, 

itant 
.(3) 

i 



These two streeseB are due entirely to the 
couple whose moment is M. 

10. The streaaes corresponding to a Bop- 
posed uniform shortening of the fibres 
along the cross-section at h, Fig. 4 (see 

4), and therefore not included in the 
bending stresses, have now to be evaluated. 
This miiform shortening entails a uni- 
form compressive unit stress = j? on the 
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concrete acting on the area A, and a I 
unit etreaa np on the steel {both in pounds 
per square foot) acting on an area A,, 
as follows from the fundamental formula j 
connecting atreaa and defonnation, since ] 
we haye assumed E, = i^E, , The result- 
ant, i'(A,+ wA,), acts at a distance 5' 
above the lower edge of the joint, Fig. 3, 
and taking moments about that edge, 



q'p{^, + wA,) =j:»(A,,. 



f- nkjc). 



.*. By comparison with (5), q' = q, or 
the resultant of the stresses correspond- 
ing to the imiform shortening, acts at n 
and is exactly opposed by T acting at 
that point as assumed. 

T = jj(-A, + ?jA,), 

from which ^ = T -^^A, + «AJ 

and np = n1 ^{A, + «A,). 

11. From the last two articles are de- 
rived the total unit stress s, in pounds 
per square foot, exertad on the concrete 
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at the upper or lower edgea of the croBs- 



" A, + «A I, + ttl ' 



m 



and the total unit strese, s,, in pounds 
per square foot, experienced by the upper 
and lower bara of the steel. 




All dimensiona in these formulas are in 
feet. 

For aectiona symmetrical with respect 
to the neutral line, Fig. 3, 

_ f^. _ _ _ 

'3' 



Ii = 



I, = }A,(7,' = A,w,*. 



• Hr. Edwin Thncher, H. Ajh. Sdc. C. K, publlsbed tba 
formula* (?) and (8) above in " Eneineering Nbwb " Hi 
Sept, ai, 183a. wllbout demoDilntlon. Qis article may be 
nftrred to ae an Excellent presentntlno of the practical 
■ or Btecl-coDcrete cnnstructloa and oa giving an 
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OONDinONS FOK EftUIUliRIUM FOK AKCH ■ 
WITH SO HINGE8. 

13. TheiieutralUtie,forthecaBewhere 
the steel bare are sjiii me trie ally placed 
with respect to the centre line of the urch 
riug, is the centre liuo itself and can at 
once be laid off, 

For an unsymmetrical crosa-aeetion, 
points in the iieiitral line must ha found 
and laid ofE by aid of (5), and a curve i 
traced through tbeiii. 

In either case, let a I c. Fig. 5, repre- 
semt the neutral line of an unstrained 
arch with fixed end tangents, and let 3 
represent a length of the neutml line 
whose centre is at b. When the arch 
ia loaded either with ics own weight only 
or in addition with a live load, thi; nen- 
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tml line changes shape, and it was agreed 

in Art. S, to regard the change in the 
inclination of the end tangents to the 
neutral arc fi, aa given hj the formula, 




FiRS. 

where n and E, are constant and M, I, 

and I, are taken at b, the middle of arc 8. 

Regard the end c temporarily free, 

then the bending in s alone will cause a 

rotation of the arc Sc ahout b equal to 6, 

BO that a line be will rotate through an 

I iDfinitesinial distance ce, taken as per- 

' pendicular to be. Take c as origin, ca 

the axis of x and axis of y vertical and call 
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the co-ordinates of 5, x and y. Draw ed 
perpendicular to ca; then from similarity 
of triangles, 

cd = J- y = y 6^ de= j-^ = ^^' 

The exact result would of course be 
found by dividing s into infinitesimal 
lengths ^s, and regarding the rotation 
to take place about the end of each littlo 
portion in turn, x and y thus having 
values above and below the means taken 
for b (the middle of s), We assume, 
therefore, in the graphical treatment to 
follow that if M, I^, I^, ^, y are all taken 
at the mid-point of arc 5, as a sort of 
average, that the horizontal and vertical 
deflections of c, due to 5, are given nearly, 
by the above equations. 

The total horizontal and vertical dis- 
placements of c due to the bending of all 
portions of the arch are then given \y^ 

^ Msy „ Msx 

E.(I, + «I,)' E.(I, + nl,y 
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respectively, the summation including all 
the segments of the arch. The total 
change of inclination of tangents at a 
and c is similarly, 

M5 



28=2 



E.(Ix + ^^I.)' 



For an arch "fixed at the ends'' and 
with no hinges, these three sums are 
zero; hence, we have the three condi- 
tions to be fulfilled, corresponding to end 
tangents fixed in direction, span invaria- 
ble, and vertical deflection of c with re- 
spect to a, zero : 

-- ^^''' =0. (12) 



E.(I. + «I,) 



All dimensions being taken in feet and 
M expressed in foot pounds. 
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DEFLECTION AT THE CEOWN. 

13. It may be well to note here that if the | 
actual momenta M have been (ouod tor the mid- ] 
point of each small ditision of the neutral line, ' 
the horizontal and vertical diBplaceinents ot a,uj 
point as c' of the neutral line can be predicted. 
Thus, if V is the centre of an; division, calling 
A and k the horizotital and vertical projections 
of the chord h'o' and & the angle (in circular 
tneasure) through which h'e' rotates in conse- 
quence ol the bending of tbat division, then the 
horizontal and vertical displacements of b' dae 
to it are, respectively. 



-, A = ffk, d'e! = )^,h= ffh. 



and taking the algebraic sum of such quantities 
for all the divisions of the arc from a to c', the 
total displace nicnta are fmind. Thus, inserting 
the value of 8, the total lic)rizontBl and vertical 
diiplacements of e' witii respect to a, are 

M»ft 




Note, from Art. 0, that M is plus when the 

r bending is increased, or when R falls below the 

i> of the division h' considereil, and M is 
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minus when the proper side of the eqiiilfbri) 
polygon (wlong which H acts) paaaea abore 6'. 

lu thi' flret cnae. M plus, e' moves to the left 
aud downward when e' is above b' ; but when 
e' is brlow b' (us iti the construction pertain- 
ing to fi mid e), thcu c' moves to the right 
and downwards. The reverse obtains when M 
is minus. Uenoe, if Jc is given [he plus sign 
when b' is below b', the tniaus sign when c' is 
above b', the formulas above will give the hori- 
zontal movement nf o', plus when to the right, 
minus when to the letl, and the vertien! dis- 
placement of e' pins downwards, minus when 
npwards. 

When c' is at the crown k is always minus, 
and wo havcsiniply lo attend to the signs of M, 
and it is evident that the displacements as found 
hj the summation from a to the erowa should 
equal those nuinerically found by summing 

This method, however attmctive in theory 
■will probably not work well in practice unless 
the true equilibrium polygon has bei>n deter- 
mined with great aocurocy ; for in a well designed 
noments H/ ^ M, except at the spriiig- 
, are small, or rather t is quite small, 
ill absolute change in t often corre- 
nlargepercentiigeof its value, so thai 
rs can be made in the algebraic SUtn- 
iBof the fonniilas. 




d 
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The method has been tried for one bridge, 
however, and found to check satisfactorily with 
analytical solutions. 

DIVISION OF THE NEUTRAL AXIS. 

14. Eecurring to the conditions (10), 
(11), (12) to be fulfilled by the equili- 
brium polygon for an arch "fixed at the 
ends,*^ replacing M by H^ and regarding 
Ej (the modulus for concrete) as con- 
stant throughout the arch ring, we ob- 
serve, if the neutral line can be so divided 
that 5 -T- (Ij + nl^) is constant for each 

B. s 
division, then =r 7^^- — =r^ can be placed 

before the sign of summation and the 
three conditions (10), (11), (12), re- 
duce to, 

21 = 0, 2{tx) = 0, 2{ti/) = 0. (13) 

To show how to divide the neutral line 
so that s -r- (I, ^-/^IJ shall be the same 
for each division, it is best to take a 
numerical example. 

In the following table is given, for the 
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Thacher type of arch ring shown in Fig. 6 
(plate), the radial depth d in feet, at I feet, 
measured along the neutral line, from the 
springing. The steel ribs. Figs. 1 and 2, 
are composed of two bars each, whose dis- 
tances from the intrados and extrados are 
each 0.17 feet, and each bar has a gross 
section of 2| x | inches. The splices in 
any one bar are to be made with J inch 
rivets, so that the net section of any bar 
to resist tension is y x f = ^| square 
inches, or nearly y^^ square foot. 

Assume the ribs 2 feet apart, centre to 
centre, and take w = E^ -^ E, = 20. 

2 1 

•'• "^""100^^^=100' ^^^« = ^-^- 

I, + 20 I, = ^\d' + 0.2(|- -o.irV 

The neutral line, for this symmetrical 
section, coincides with the centre line of 
the arch ring and can be at once laid off. 
('all the successive lengths of the divis- 
ions measured along the neutral axis in 
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feet, beginning with the one next the 
springing, .<?„ s^, 5„ . . . , respectively, 
and let d^ be the radial depth of the arch 
ring at the middle of 5, and d the depth 
at the middle of any division s. Then in 
order that 5 -i- (I, + ni^) be constant, 



?i 

^Vt?/ + 0.2(^-0.17) 



d 



1..., 


.. 4.10 


«. . . < 


... 3.72 


. . . 


. .. 3.38 


4... 


... 3.05 


5. . . 


. .. 2.78 


6. . . 


... 2.51 


7... 


. . . -0.28 


. . . 


... 2.07 


<^ . . . 


... 1.90 



I 

10. 

11. 

12. 
13. 
14. 
15. 
16. 
17. 
18. 



d 

1.72 
1.60 
1.50 
1.42 
1.37 
1.33 
1.31 
1.29 
1.23 



I 

19 
20 
21 
22 
23 
24 
25 
27 
29 



(14) 



« • 



d 
1.20 



16 
13 
10 
07 



1.05 
1.03 
1.01 
1.00 



The calculations that follow can be 
effected very expeditiously and accurately 
by aid of Barlow's *' Table of Squares" 
and Crelle's '• Rech en tafeln," which last 



\ 
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gives the product of three figure numbers 
by similar numbers. A calculating ma- 
chine can of course replace the last named 
book. 

15. It would often save time in the 
end if the values of 

yV^^'+ 0.2(^^-0.17) 

for various values of d as 1.0, 1.2, 1.4, 
1.6, 1.8, 2.0, 2.2, 2.4. be computed at 
once and laid off as ordi nates on cross- 
section paper, the values of d being laid 
off as abscissas. It is advisable, too, to 
find by (14), at the first, by trial, such a 
value of .9, that s at the crown will not 
become so small as to lead to a great num- 
ber of divisions. Thus if 5, is assumed 
= 7 feet, s at the crown will be found to 
be oiilv 0. 184 ; therefore .9, == 1 4 was next 
tried, and the work then proceeds as 
follows : 

For N, = 14, d^ is estimated at / = 7, 
.*. d^ = 2.28 (from table), .*. the right 
member of (14) reduces to 11.9, and the 
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relation to be satisfied throughout the 
arch ring is, 

«= 11.9 L^d' + 0.2 (^ - 0.17)'] (15) 

At the crown d = 1, . • . 5 = 1.25, which 
may lead to a satisfactory division ; hence 
we proceed, taking up the division s^ 
next 5, . 

Try 5, = 3, .'. (? at the middle of 5.^, 
where Z = 14 + 1.5 = 15.5 from the 
springing, is found from the table (by in- 
terpolation) to equal 1.32, .-. by (15), 
8 = 2.86. For s = 2.86, there is no 
change in ^, .•. 5^ = 2.86, so that it is 
(14 -h 2.86) feet to the beginning of divis- 
ion ^3. Assume 5, = 2.3, . *. d at I = 
16.86 + i(2.3) = 18.01, is 1.23,. .-.by 
(15), 5 = 2.32, . • . call s^ = 2.32. Pro- 
ceed thus and find successively : 



«. = 1*, 


s, - 2.86, 


— 9 QO 

0_ — /•••J/^, 


s, = 1.95, 


... - i.or. 


S,= l.-t!>, 


*, = 1.40, 


*\ - 1.32, 


s^ - l.~'(J, 


»,.= 1.25. 
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The sum of these lengths is 29.52, or 0.52 
in excess, as it is exactly 29 feet from 
crown to spring measured along the cen- 
tre line. 

A closer approximation can now be 
made by assuming s^ a little less than 14. 
Take s, = 13.85, .-. d^ = 2.30 at the 
middle of s^ or at 1= i(13.85) = 6.92, 
and the right member of (14) reduces to 
11.5. Therefore (15) is now replaced by 

s = 11.5 L^d' + 0.2 ("I - 0.17 V] 





I 


I 


s 


at end of 


at middle 




s 


of s 


s, =13.85 


13 85 


6.92 


.s-2 - 2.81 


16.66 


15.25 


.S3 = 2.29 


18.95 


17.80 


8, - 1.89 


20.84 


19.90 


8t - 1.64 


22.48 


21.66 


8, = 1.47 


23. 95 


23.21 


6-7 = 1.35 


25.30 


24.62 


8, = 1 31 


26.61 


25.96 


8y - 1.24 


27.85 


27.23 


5io^^^ -l. '^■*- 


29^06 


28.45 



Correspon- 
ding 
d 



2.30 
1.33 



1.24 
1.16 
1.11 
1.07 
04 
1.03 
1.01 
1.00 



1 
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We proceed as before in finding «„ s^, 
s^^. The results are conveniently 
written out as in the adjoining Table. 

Here, " Z at end of s " is found by sum- 
ming s. To find I at middle of 5^ (say), 
add one half of s^ or ^(1.89) = 0.95 to I 
at end of s,, or 18.95, giving 18.95 + .95 
= 19.90, at which point d is found from 
Table to equal 1.16. With this value of 
d, 8^ is computed from the last formula 
(by aid of the diagram mentioned, if 
drawn), and if the result is noc as as- 
sumed, try again until the assumed and 
computed values of s^ agree. Similarly 
for the other divisions. The work is very 
brief on a second trial as the previous 
values of «,, Sg, . . . , afford some guide 
in choosing the new ones. 

A third trial is not at all necessary 
here, as the excess 0. 06 foot of 5, + ^^ + 
. . . -\- s^^= 29.06, over the actual length 
29.00, can be distributed amongst the va- 
rious divisions sufficiently accurately by 
comparing the corresponding values of s 



§15] 40 

in the first and second trials. The 
values of s finally selected are, 

si = 13.83, 52 = 2.80, 53 = 2.28, 
54 = 1 .88, 56 = 1 .64, 56 = 1 .46, 

57 = 1.35, 58 = 1.31, 59 = 1.24, 

510 = 1.21. 

The foregoing method is long and 
tedious, so that the following practical 
solution is offered, which avoids the 
necessity of making a second trial. 

After the first trial above, the excess, 
(si + S2-f- . . +5io)— 29 = 0.52 can, with 
sufficient accuracy, be distributed 
amongst the several divisions in pro- 
portion to their length. Thus the ex- 
cess per foot = 0.52 -- 29.52 = 0.018; 
whence on subtracting from 5i, 14 X. 018 
= .25; from S2, 2.86 X. 018 = .05; simi- 
larly from S3 and S4, .04; from 55, se, 
.03 and from 57, sg, sg, 5io, .02 each, we 
derive the values. 
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Si = 13.75,S2 =2.81, S3 = 2.28, S4 = 1.91, 

55 = 1.64, 56 = 1.46, 57 = 1.38, 58=1.30, 

59 = 1.24, 510 = 1.23. 

These are sufficiently near the final 
values given above to give confidence 
in the result as a practical one. In 
fact, the method gave similar close 
approximations in the case of other 
arches, where the same test was 
applied. 

Again, in place of assuming 5i, as was 
done above, it is better to find a roughly 
approximate value of 5-r-(Ii +72X2), by 
taking s as the average length of one 
division (29 -h 10 = 2.9) and evaluating 
Ii+nl2 at mid-length where (for d = 
1.35) its value, is 0.256. Hence for a 
first trial, place 



*> 9 

= 11.3. 



IiXnl2 0.256 

This is seen to be near the final value 
11.5. With his constant, in place of 



§16] 42 

11.9 in (15), compute si, S2, . . • , and then 
correct as just explained. Sometimes 
this process may lead to one division 
more or less than was first intended, 
which is a matter of no moment. 

These lengths are laid off in succes- 
sion from the centre of each springing 
joint toward the crown along the centre 
line of the arch ring. 

The number of divisions found for 
the half arch (ten) is a minimum for 
accurately locating the pressure line 
for vertical loads. Fourteen or more 
is preferable. 

16. It need not cause surprise that si 
is so large compared with sio, when it is 
observed that the moment of inertia 
at the spring is 81 times that at the 
crown. The resistance to bending is thus 
so much greater near the abutment that 
we should expect the elastic curve and 
the pressure line to be determined mainly 
by the upper half of the arc. 

If the abutment should be included as 
part of the arcli, its influence on the 
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pressure line would be found to bo almost 
nil, which is in fact the reason why it is 
treated as inelastic and immovable. 

As the radial depths of arch ring ap- 
proach equality everywhere, 5„ s^^ . • . , 
approach equality, and for a constant 
depth they are exactly equal. 

17. For any kind of a solid, homogene' 
ous arch of any material, stone, concrete, 
etc., the trial and error method used for 
dividing up the arch ring is similar to 
that above, only as I, = o, (14) is replaced 

by, 

the work is much simpler, as cV can a^ 
once be taken out of a table of cubes, 
and a diagram is unnecessary. 

Example. — Divide the arch ring above, omit- 
ting the steel ribs, to satisfy (16). Let the miin- 
ber of divisions of the half-arch be at least ten 
and not to exceed sixteen. The Table of Art. 14 
gives the values of d. 
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^^^L A BTEEL OONCKETE ABOH WITH 
^^^H PABTIAL 

^^^ 18. The arch ring examined in Arti- 
i clea 14 and 1 5, is shown in Fig. 6 (Plate). 

I The iiitrados has three centres. The cen- 

■] tral portiog aubteuda an unglo of 30°30.4' 

[' with a radiuB of 47. 77 feet ; tlie other 

J two radii are 23.65 feet each. The span 

is 50 feet, rise 10 feet, and the radia) 
depths of arch ring are as given in Art. 
14, the depth at the crown being 1 foot, 
at the ends of the central portion 1.33 
feet, and at the springs 4,5 feet, circular 
curves corresponding, forming the extra- 
dos. The steel ribs are placed as shown 
in Art. 14. 

Let us teat the strength and stability 
i this areli when the backing extends 1 
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foot above the crown everj-where, for a 
load of 1-10 pounds por square foot 
of roadway extending from tht^ left abut- 
ment to the crown. The ordinutea from 
the extmdos to tbe upper limit of the 
backing ahould be reduced in the ratio of 
the gpecilie grarity of the backing to that 
of the arch ring, eo that the new upper 
limit corresponds to a backing whose 
density is the same aa that of the arch 
ring, The partial loads ure then com- 
poted as below. In this example, this re- 
duction was not made, so that the back- 
ing was assumed of the same density aa 
the concrete, l-il) pounds per cubic foot. 

19. The lengths s„ s,,, . . . (Art. 15), 
having been laid oft in succesHion along 
the centre line of the arch ring from 
either springing to the crown, find the 
centres of each of the divisions s,, s^,.,., 
and mark them in order from the right 
springing to the left, «,, «„ . . . (i,„ as 
^wn on the Figure. 

Draw vertical lines through 'jj, (/, . . o,,, 
and compute the avejia in square feet in- 
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eluded between consecutive verticals, the 
intrados, and the upper limit of the (re- 
duced) backing. Midtiply these weights 
by 140 to find the loads P„ P„ . . . P„ 
to right of crown, and lay ofE midway be- 
tween the points o,, «„ . . . «,, ; the last 
one coming midway between «,„ and the 
crown. These loads correspond to a slice 
of the arch 1 foot thick perpend icnlar to 
the plane of the paper. 

When ff, and a^ are as far apart aa in 
the figure, the vertical through the centre 
of gravity of this lai^e trapezoid, should 
he found by the UKual graphical construc- 
tion and P, laid off along it. The same 
remark applies to the remaining areas 
nearer the abutments ; or the position of 
the load corresponding can he found by 
taking moments of the partial areas about 
any convenient vertical. The loads P,, 
. . . P„ to left of the crown are equal re- 
spectively to P,, . . , P, augmented by 
140 times the width of tlie corresponding 
division. 

From Art. 12, the moments M = Ji.t 
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must be found accurately at the middle 
of 5,, s,, . . . , or at a,, a„ . . . a,„^ao» 
which can be done by the division of the 
arch just explained as is apparent from 
the equilibrium polygon to be presently 
drawn. 

A usual division of the arch requires t 
to be measured at the load, which is a 
most unfortunate selection. If the true 
equilibrium curve for infinitesimal divis- 
ions be supposed drawn, it will always 
fall below the equilibrium polygon corre- 
sponding to P„ Pa,. • • 5 except at «„ a, . . . , 
(which are points on it), and the greatest 
departure is at a load. 

Such a division of the arch leads to 
values of t as far removed from the true 
ones as possible, w^hereas the method 
adopted here gives no inaccuracy from 
this cause.* 

♦ Seethe author's "Theory of Voiissoir Arches/' 2nd 
ed., for the most accurate scheme for arches not ho flat as 
Bhown in Fig. 6, and for sections not vertical as taken here 
for simplicity. The theory which determines the subse- 
quent constructions is given in full on pages 154 to 114. 
The author's ***olid and Braced Elastic Arches " may also 
be referred to. 
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20. The successive loads P„ P„ . 
are now laid oil on a vertical to the left 
of the arch to scale of loads. For eon- 
venience, assume the pole distance some 
whole number, 10,000 lbs. in this case, 
and lay ofi this horizontal thnost from 
the lower end of P„ on the load line, to 
the right to fix the "trial pole." This as- 
sumes a horizontiil thrust at the crown. 
The equilibrium jioljgon i,, i>„ . . . b,„ 
. . . i,„ can bo tlrawn in the iisnal man- 
ner, hut it is most accurately laid off by 
computing the sum of the mnmente of 
the loads P in foot pounds, acting from 
the crown up to a certain load ?> about P„ 
dividing by trial H = 10,000, and laying 
off the ordinate (to scale of distance) from 
ahorizontid through b^^, fij,, along the Une 
of action of Ps to fix one point. Similarly 
for the others. Let Pr be the load next 
Pj at a distance « from it, P^ lying nearer 
the crown than P^. Call the sum of the 
loads from the crown up to and including 
P, = R, and suppose their resultant acts 
c feet from P,. Then the moment of all 
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the loada from the crown np to 1', about 
P. = M,= R(c + rt) =Kc + Rn = M, + 
Ra, where M, is the moment of all loada 
irom the crown up to P, about P,. Thia 
formnla, M, = M^ -\~ R«, enables the mo- 
menta to be quickly coniputed by working 
from the orowit in either direction. 
Thus, 



M.. 



&u. 



X 0.95 = 353.7 
+ {P„+PJ1.27 = 



I 



Tbe equilibrium jiolygon laid off by 
computation, can now be tested by the 
naual construction and verticals through 
i. . ., drawutoiutoraectionsd,, 6„ . .., 
with it. The intersections of these 
verticals with the horizontal through 
bio will be designated hi, h^, etc. 
The point A is the intersection of the 
vertical through the crown with the 
horizontal mentioned. The origin of 
co-ordinates is taken at O, x horizontal, 
y vertical; the co-ordinates of Qj are 
written (xj, iji); of 02 (^^2, 1/2), 1 



The reason for the following steps will 
be given later in Art. 26. 

ESTABLISHIXG THE CLOSING LINE Wimi 
OF POLYGON./). 

21. The "closing line" ?nmi i» to be 
drawn so as to satisfy the conditions, 

where nib is an ordinate from mrtii to 
points such as 61, ^2 ■ ■ ■ , ("m- frib is 
to be regarded aa positive when b is 
above mnii, negative when b is below 
mmii also the sunia in the above and 
all following equations (unless specially 
noted) are supposed to include aU. 
the points b, as 61, tj, . . . , b20, for 
the entire arch. We have, satisfying 
the convention as to signs, vib = 7nh~bk; 
therefore the preceding equations can 
be transformed to, 

S {mh) = S {hh), S {mh.x) = S {bh.x). 

Let the lines mh and hh be treated 

temporarily as forces, acting vertically 

downwards. Their resultants are 2 {?»A) 

1^ and ^(bh) lespectivelv. Suppose the 
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abscissas of their points of application 
to be xo and iV respectively; then since 
the moment of the resultant is equal 
to the sum of the moments of its com- 
ponents, the last equation can be written, 

which by aid of the first equation gives, 

Therefore the line min\ must be so 
drawn that the resultant ^(mA) of the 
Kk's, treated as forces, must not only 
equal the resultant -(iA) of the bk's, 
treated as forces, but must coincide with 
it. If N=number of o's or b's or y's 
(20 in the figure), lay off on the vertical 
through A, 

ind draw the horizontal dDdj and a 
trial closing hne nDni, mnij being the 
Hfeiie one yet to be established. Then, 

2:(nA)=N.AD = S0A), 
{j^UiC N,AD = eum of ordinates I'^Ai, 
, in rectangle vvihikx), and 
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since the segments vn added in 
triangle vDn equal those subtracted in 
the triangle fiDni, Similarly if rami 
is drawn through D, 2(mA) = S((?A). 

The first [lart of the condition is then 
fulfilled by either the line nni or the 
true closing line mmi, the resultants 
S(nA) or S(mA) being equal to S(()A). 
But the resultants 2 (mk), E {bh), 
(treating still the mh'a and bh's as forces) 
must likewise coincide, which requires 
that the sum of their moments about 
AD must be equal, or, 

where zi, 2z, . . ., are the horizontal 
distances (always positive) from the 
vertical through A to fc|, b^, . . ., 
respectively. We can quickly com- 
pute, 
^(bh.z) = (b2oh.jo-bthi)z, 

+ (tigftia-Ma)z2+ . . ., 
by measuring bh to scale of distance and 
effecting the products as illustrated in a 
following table. 
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Regarding now the line nni, we have 

S {nh,z) = (n/i2o — ^1^1)21 

+ (^19^19 — ^2^2)22+ . . . 
= 2{v\n\,z\+V2n2'Z2 

+ V3W3.23+ . . . )• 

Designate this last sum by 2(rn.z). 
We have then similarly, 

2 (m/i.z) = 2 (vm.z) . 

If now we lay off, 

2 {bh,z) , .. 

then each vm is equal to the correspond- 
ing vn multiplied by 2 (6/1.2) -r- 2 (i'n.2) ; 
hence, taking sums, 

S (vm.z) = J-^^, 2 (vn.z) = 2 {bh,z). 

.*. Since 2(2;m.2) = 2(m/i.z), as noted 
above, 2 {mh,z) = 2 (6/1.2) . 

The closing line mmi now satisfies 
the two conditions, 2 (mh) = 2 (6/1) and 
2(mA.2) = 2(6/1.2), required and is cor- 
rectly established. The expression for 
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viTHi above can be further simplified as 
follows. From similar triangles, 

1*2^2 =—rini; r3n3=— ri/ii, . . . ; 

Zi Zi 

On substituting these values in the 
identity, 

li(vn.z)=2 (vini,Zi+V2n2.Z2+ . . .) , 

riHi Zi 

we find, 

2(rn.2)=2(zi2 + 222+ . . .)^^. 

On placing S(z2) =2 (212x222X23^4-...), 
or twice the sum of the squares of the 
2^s to one side of the crown and substi- 
tuting the value of E{vn.z) in (i) above, 
we have finally 

2 (6/1.2) .... 

riyni = - ^ „ .zi. . . . (ii) 

2- (2^) 

Thus to estabUsh the true closing line 
mmi, we lay ofT AD = H (6/i) -r- N, draw 
the horizontal vDvi and then compute 
Virrii from (u'). This distance is 
then laid off to establish yn and the line 
mDmi is then drawn. 
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For dead load or any load symmetric 
caUy distrihiUed with respect to the crown, 
Vimi=0, since 2(6^)2=0. 

22. Let now a line kk^ be located in a 
similar manner with respect to the points 
flj, a,, . o . a„ on the neutral line of the 
arch ring. 

This is best done by measuring the or- 
dinates y,, ^g, . » . y^^ from 00, (the line 
connecting the centres of the springing 
sections) to a,, a^, . . . a^^ and dividing 
their sum by the number of ordinates, 
(10), giving the distance e above 00, 
to kk^. 

In this example, 

Since 2.»e = lOe, 2J'(y-e) = 0, 

2J'{ka) =0, 
and from symmetry, 2^(kaoX) = 0. 

Hence the conditions, 

S^ka) = 0, 2'{ka. x)=Q (18^ 
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for the line ii,, »s thus located, are 
filled, ordiaates L-a, referring to ordinates 
from iit'i to n,, n^, . . . ; ordmatea above 
£it, beiiig regarded as plus, those below 
minus. 

23. The nest step is to find 2{ka.y) 
for the entire arcii. This may be written, 
Siy - e)y = X/ - e2y ^ 2(684.79 - 
8.143 X 81.43) = 43.41; the SQin being 
taken for one half the arch and doubled, 

24. A similar sum, 2{mb.i/) must now 
be made out for the entire arch ; mb rep- 
resenting an ordinate from ifim, to poly- 
gon h, regarded as positive when 6 is 
above mmi, negative when b is below 
mmj. Since mb = mk—bh, 

.: S(m6.i/) = S(mft.j/)-2(i'A.y). 
We note from Pig. 6, that 
r(mA.!/)-{m,ft, + mA,o)j(, + (m^, + m,^„)»,+ 
...-2Al)(y, + y,+ . . . ) = ADSCi;). 






N 



. ("0 



All of these sums are entered in the 



57 [§25 

25. It is a principle of the equilibrium 
polygon that if the ordinates mb are 
altered in a given ratio, the pole dis- 
tance is altered in the inverse ratio. The 
ordinates mb are now altered in the ratio 

^, ' { and the assumed pole distance 
S (mb.y) 

in the inverse ratio. 

The new ordinates mb are laid off ver- 
tically above or below kkij according to 
sign, to find all the points ci, C2, . . . C20 
in the same vertical with ai 02, ... 020 
respectively. The points c are points in 
the true equiUbrium polygon for the 
arch, for the loads assumed. The centre 
of pressure on the crown joint is sim- 
ilarly found. 

To find the true pole, draw from the 
trial pole. Fig. 6, a parallel to mmi to in- 
tersection with the load line, then hori- 
zontally to the right, a fine of length = 

10000 X x ^.r ''( - lbs., measured to the 
2(/ca.?/) 

scale of loads. The new pole is thus 
located and the true horizontal thrust of 
the arch is given by this expression. 
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Beginning at the centre of pressure at 
the crown, the equilibrium polygon ci, 
ca, . . . C20 can be tested by the usual 
graphical construction. 

[ Those familiar with Prof. R. T. Eddy's 

"Researches in Graphical Statics," will 

' recognize my indebtedness to him, 

specifically in the general conception 
of altering the trial polygon b and plac- 
ing it in its true position on the arch 
with reference to the line kki. 

30. Demonstration. Since the equi. 
libriiim polygon b with ordinates all al- 
tered in the same ratio is now in position 
on the arch as polygon c, the closing line 
mm, now coinciding with Ai„ we have 
from Art. 23, 

Hike) = 0, "^ikcx) = 0. 

Also from Art, 22, the line kki was 
located to satisfy the conditions, 

H the summation extending over the entire 
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arch. On subtracting the last equations 
from the preceding, 

2{ac) = 0, 2{ac,x) = 0, 

and it is seen that the first two conditions, 
Art. 14, Eq. (13), for an arch without 
hinges, are fulfilled. 

The third condition is also fulfilled, 
for since, Art. 25, 



, S (ka.y) - 



we have, 



Jl{kc — ka)y = ,'. 2(ac.?/)=0. 

Thus the polygon c satisfies all the condi- 
tions for a hingeless arch and is thus 
the true equilibrium polygon for the 
loading assumed. 
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RESUME OP OPERATIONS. 

27. It wil! prove a practical con- 
venience to give a r^suin6 of operations 
applicable to a.ny arch, though the 
numerical values given wil! refer only 
to the arch of Fig. 6. 

After the neutral line is divided so 
that s/(li + nl2) is constant (Art, 16), 
the points a ina,rked at the middle of 
each division, the weights P ascertained 
(Art. 19) and the equilibrium polygon 
drawn (.\rt. 20), we proceed as follows: 
(1) Make out a table of quantities, 
I' as given below, by measuring //, z and 

bh to the scale of distance to hundredths 
of a foot. 
Also adopt the following notatioD: 
1. N=number o( a'a (or b's) for the entire 

I arch; similarly Z refers to sums taken for all 

I the points a (or b). 

K The ordtnates bh to the left of the crown will 

B be designated by bhi.; those to right, by bh^. 

^^Wh< 



(2) Lay off AD = 2(6A)-;-N=40.32-^ 
.02, to scale of distance. Draw 
s&ie horizontal vvi through D. 



r 
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103.02X21.22 



(3) Layoff uijmi-v...— ^, , 



1942.56 



= 1.125. 



(See columns 4 and S of table.) 
Draw mm\. 

(4) Draw kki parallel to 00' at a dis- 
tance above it, 

'^^ 20 ^■^^^■ 

(5) Compute 2{fto.j/) = 2(/)-eS(y) 
= 1369.6-8. 14.3(162.86) =43.41 

(6) Compute 2(TO('.y)=^=^S(?/) - 

SCiA-j/) = 2.02(162.86) - 239.45 =89.52 
(see (2) above and column 9 of table.) 

(7) Compute and lay off above or be- 
low fcfci according aa mh is positive or 
negative (aee'(5) and (6)), 



*''"ECmM 89.52'" 

And then draw polygon c through the 
pointa ci, c-z. ■ ■ . , thus found. The 



3 



E 





. 


1 

+ 
1 


ssssssissa 


3 






iiiiiiiiii 


a 






gt.^™-- 


1 


i 




1 

i 


BSSssssasB 


"■3 
11 




i 








- 


s 


SSS^^^S^^g 


ss 1 s 


g 


ijililjjil 


1 


• 


1 


sssaEsss'os 


. 


e 




a 1 


1 


- 


- 


aSSS5S85gB 




. 


■k 


sssssessss 


1 


i? 


1 


" 


• 


gssBssasss 


3" 1 S 
1 




- 


e 


SISISIISiB 
9 9 9 3 i 8 I ! S 1 



63 [§27 

centre of pressure at the crown can be 
similarly found. 

(8) If H' is the assumed horizontal 
thrust for polygon b (10000 lbs., in this 
example), then the true horizontal thrust 
for the arch is 

H=lr^^H'=||4(10000)=20600 lbs. 
2^ {ka.y) 43 . 4 

(9) Proceed as in Art. 25 to find the 
position of the true pole. 

ARCH LOADED WITH ITS OWN WEIGHT. 

28. The arch loaded with its own weight only 
can be easily treated when the previous con- 
structions have been made, since the part of 
the equilibrium polygon required, &i, . . ., &io 
has already been drawn. 

« .X. 2S(&/cr) 2X16.85 , ^^^ 
Lay off, AD = — ^^^= — ^ =1.685. 

Draw mm I through D parallel to A^i. 
From Art. 24 we have, 

S(m5.i/) = -^. Si/-2S(6;iB.2/) 

= 1.685X162.86 
-2(8.89X4.02 + 2.98X7.39+ . . .) 
.*. S(w6.i/) =75.60. 



achan^ed, 2(fca.j/) = 43.41 as 



On locating the poiate c from the last equa- 
tion, we find, 

a,c, .02, UjCj = n,r, -0, a,e, - + .01, 

a,c,^+.03 ajC,= +.04, a,c,= - .01, 

0^= — .02, a,c,= — .03, a,oC,o=-.02; 

ac being regarded as positive or negative ac- 
cording as c is above or below a. The preaaure 
line is seen to approach very closely tlie neutral 
line of the arch ring. 



29, The normal component T at any 
radial section, as the one through as. is 
found by resolving the thrust there, as 
given by the proper ray of the force dia- 
gram, measured to the scale of force, 
into two components normal and par- 
allel to the section, and measuring the 
L normal component to scale. Thus T 
k at 08 = 20700 lbs. The moment, M- 
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B.t = 'EL.asCs at ag, is found by measuring 
a^cs to scale of distance, giving agcs^ 
-.08, and multiplying by H = 20600 to 
get the moment M=— 1648 in foot 
pounds. The stress on the concrete 
at the extrados or intrados is now found 
from Art. 11, Eq. (9), to be, as rfi = 1.0, 
V2 = .33 

20700 1648X0.5 



1 + .02-^tV + 0.2(.33)2 

25,150) , , , 

= Q At^ \ pounds per square foot, 

or 66 lbs. per sq. in. compression at the 
extrados and 175 lbs. per sq. in com- 
pression at the intrados. 

This will suffice to explain the general 
method of procedure at any section. 

Note that ac is now regarded as + 
when c is above a, — otherwise. 

The section at ag was found to give 
the maximum compression^ at the in- 
trados. These stresses will ultimately 
be combined with the stresses due to 
temperature. 
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30. It may be thought that a gooa 
check should be afforded by actually 
meiiBiiriug «,(;„ u,c,^, . . . a^^c,, accurately 
to scale uud computing 2{ac), 2{ac.x\ 
and 2{ac.y), which should each appron^ 
mate zero if the poiuta c have been cor- 
rectly located. Aa it is perbajw impoasi- 
ble to locate any c to two or three hun- 
dredtha of a foot, the check is not ii good 
one as the distances ac are very small at 
most points. It will be found in this 
case, however, that although 2{ai!), 
2{at:.x)t ^{m.y) are not zero, yet if each 
ac is diminished by 0.03 foot, the sums 
change sign, so that it aeema here that 
the poiuta e have been located within two 
hvindredtha of a foot of their correct po- 



31. The resultant on the right spring- 
ing section ia found by producing the 
resultant at c, to intei'section with the 
vertical through the centre of gravity of 
the remaining purt of the arch and load 
to the right of the vertical through a^, 
combining the above reaulhmt with the 
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weight of this remaining portion (this ia 
effected on the force diagram) au i draw- 
ing a parallel to this final resultant 
through the intersection nientioneil to 
the springing. Similarly we proceed for 
the left springing. The centres of press- 
ure at hoth Bprings are well within the 
middle third, go tlmt the radial depth 
there could perhaps be diminished, 

32. The line of the centres of pressure 
varies for different arches, but Cor the 
upper half of the arch ^ its position relative 
to the neutral line is about the same for 
all circular arches similarly loaded. 

For ft three-centreii arch of 89.5B' apim and 
IB.IO' rise, havinff a railial dupth at the crown 
l.SS'.at^Sreet horizontally fromthe crown 2.29' 
aod ttl the springs T.nS'; and loaded with 125 
pounds per foot on tlie left half, the pressure 
line waa verr similar to the one above except 
that at the left springing, the centre of pressure 
1THS at the lower middle third limit, at the right 
fringing it was slighl! y 'below the centre and it 
passed exactly through a,. 

The backing here estended 1 foot above tha 
crown and its density was taken as 0,8 that of 
the concrete. The central angle wus 33°06.3', 



1 



i 
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corresponding to the radius 90.41, the remain- 
ing portion of the intrados being described with 
a radius 46.55. Also the steel bars were placed 
as above, 

A,=^ sq. ft. and 20 I, = i^ ^|. _ o.!?)'' 

The stresses on the concrete in pounds per 
square inch at the left springing were 129 at 
the intrados and 4 at the extrados, both com- 
pression ; at the crown the stresses were 288 
compression at the intrados and 59 at the extra- 
dos. There was no tension exerted anywhere. 

33. Arches of variable section of any 
material, as concrete, stone, brick or 
steel, without the ribs enclosed, are to be 
treated exactly as above, except that 
A, = 0, la = in the formulas. In Art. 
17 the method of dividing up the arch 
ring is indicated. 

The brick arch should be built of the 
best brick in Portland cement, with thin 
joints (I inch say). An approximation 
is of course introduced in regarding the 
brick arch as a homogeneous one, but the 
Austrian experiments go to show that the 
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theory applied on this hypothesis ie suffi- 
ciently reliable. In the brick or stone 
arch, if the mortar ciiiiiiot take appreeia- 
bte tension, the theory is only valid when 
the centres oi pi-esBure on the joints are 
fonnd to lie everywhere within the middle 
third of the arcb ring. The stone aroh 
of eonstnnt section is fully treated in the 
author's "Theoiy of Vonsaoir Arches" 
: as regards vertical loads. 

In all arches, the theory considers the 
haeking to act vertically only. This ia 
nearly true if tliB weight of roadway with 
its load ia carried to the arch through 
pillare of steel, stone, etc. In the case of 
earth backing, a certaiii passive resistance 
to the tendency to spread at the hjiiinches 
is exerted by the earth which may be 
taken as adding to the stiibJlity. This 
iMcomea veiy pronounced when a series 
of longitudinal spandrel walls form [larE 
of the backing. This may he considered 
as adding so much to the factor of safety, 
iSBce it cannot he directly evaluated. 

Skew arches are treated esuctly as right 
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arches, the spaa being taken on the ske* 
and not at right angles to the axis of the 
arch. Full centre or ellipticiil arches are 
always built with, solid masonry backing 
up to a certain height. The part above 
this can be treated as the arch proper and 
the part below as the abntment. Atten- 
tion baa been called to the reason for thU 
in Article 16. 

LOADING FOR MAXIMUM STRESSES. 

34. In Fig. 6, the true equilibrium 
polygon c is shown on the arch and it is 
found to depart most from the neutral 
line O'ai . . . a2oO at the springs, at as 
and an, as ascertained from the original 
drawing, made on a scale of 3 feet to the 
inch. Polygon c of course varies its 
position as the live load is shifted. This 
subject is fully treated in the author's 
"Theory of Solid and Braced Elastic 
Arches," 2nd ed., and the coooluHion 
reached, that for arch rings of propor- 
tions as actually built (the section tib 
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the springs being much larger than that 
at the crown) at least three positions of 
the uniform live load should be specified 
to find maximum stresses as the points 
noted. CaUing 00' the span, then for 
maximum compression in the lower 
fibre at O and in the upper fibre at a 17, 
the live load should extend from a point 
vertically over about 0.4 span to the 
right; for maximum compression in 
the lower fibre at og and in the upper 
fibre at O', the loads should cover 0.50 
(to 0.55) span and 0.65 span respectively. 
The same loading can be used to find 
approximately the minimum compres- 
sion (or tension as the case may be) 
in the opposite fibres at the sections 
named. At the crown, for maximum 
compression in the upper fibre, the live 
load should extend \ span either side 
of the crown; for minimum compres- 
sion in the lower fibre (or tension per- 
haps) the load should cover only the 
remainder of the span. 

In the table below are given the 
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stresses in the concrete in pounds per 
square inch at the intrados and extrados, 
corresponding to the live load of 140 lbs. 
per ft. extending from the left springing 
to Big (0.39 span) for 0; to crown for 
05; to ag (0.64 span) for O' and for dead 
load only for the crown section. The 
stresses are all compressive as indicated 
by the+sign. 
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COMBINED STRESSES. 

35. The formulas of Arts. 36 and 41 
will be made use of here to compute the 
stresses due to temperature changes and 
to the elastic shortening of the arch due 
to the tangential forces T (the axial 
stress). For reasons given in Art. 40, 
a change of temperature of only 20 °F. 
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above and below the normal was ! 

medj hence substituting in the for- 1 
mula of Art. 36, (0 = 20, ; = 53.6, 
,000006 for the coefficient of expansion 
for 1° F,, we have the change of span, 
Ij( = 53.6X.000006x20 = .0064 ft. We j 
have likewise s-i-(Ii + nl2) = lI-5, ^>l'' 
=4.3.41, Ei = 1400000Xl44; whence [ 
2597 lbs., and it acts 8.143 ft. above' 
00'. 

At the crown, T=2597, M = 1.09 H, 

= 1; at af, T = 2590, M=0.91 H, di = 
1; at 0, T = 1580, M=8.14H, di=4.5. 
Substituting in formula (9) for si, p. 27, 
derive the temperature stresses 
below. 

For "axial" streaSj / of Art. 41 was 
taken as a rough average for all the 
loadings, equal to 150O0 lbs. per sq. ft. 

The resulting change of span is .(f-i- 
E = .0040 or 0.622 that due to the 20° F. 
fall of temperature: hence the corre- 
sponding stresses are 0.622, those due to 
to the fall of temperature. 



The combined atresaes in lbs. per sq. 
in. are then as follows: 



Point 
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The compression in the concrete ex- 
ceeds but little 200 lbs. per aq. in. and 
the maximum tension at and the 
crown, due to all causes is only 60 lbs. 
per sq. in., ho that the stresses may be 
regarded as satisfactory. The stresses in 
the steel are only a few thousand 
pounds per sqare inch. The shearini 
unit stresses are also very small. 



TEMPEHATURE STRESSES. 



1 



36. The stresses due to temperature 
in the arch with no hinges are very high 
and should be carefully considered. The 
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simple. Suppose the arch with- 
out weight, and that it esactlj fits be- 
tween the skewbacks without atress any- 
where, at a curtain iirean temperature. 
That IB, if the areh was laid on its side 
on a horizontal platform, with the aa- 
snmed span, skewbacks and rise, it would 
be without stress at the mean tempera- 
tore. Denote the greate^st deviation 
above or beiow this >iy 1° iu Celsius de- 
grees, and the expansion of the material 
of the arch for a unit of length and oua 
degree hy f. The total change in length 
of span of uentral line is hf, where I rep- 
i-esenta the length of span of neutral line 
in feet, since this is miide up of tlie hori- 
zontal projections of the changes for each 
elementary portion of the arch. 

Ab iha abutments reeiat this tendency 
to a change of shape, a horizontal thrust 
and bending moment will be esperieuced 
at each abutment. For a symmetrical 
arch, these will be tlie sjime for eachjj 
abatment, and the result will not be a 
tered if we conceive horizontal forces I 
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tn act at a diataoee e above the centre o 
each springiug section, both acting in- 
wards for a rise, and outwards for a fall 
of temperature. On conceiving at the 
centre of eacli section at tlie spriiigB, two 
horizontal forces H opposed to each other, 
the force II acting a distance e above thia 
centre with one of the opposed H'a, forma 
a couple whose .bending, moment is He, 
and the remaining H givBfe the horizontal 
thrust at the abutment. If the section is 
uusym metrical, substitute throughout for 
centre of the section at the springs, the 
point where the neutral line meets the 
section. If the arcli ring is divided into 
lengths s„ s,, . . ., us in Art. 14, ao that 
s -^ (I, + til,) is constant, Ihen as before, 
since the end tangents are fixed and the 
vertical displacement of the end sections 



2't + -. 



2. (/i) = 0. 



In Fig. 6 (plate), where this division 

t the arch ring was effected, if we eup- 

* pose the H at either end to act along kk^. 



.vt5*."= 



-I >^J 



■ % 












77 [§36 

the two conditions are fulfilled, since 

M = ll,ka . • . t = ha^ 
and by Art. 25, kh^ was located so that 

A rise of temperature increases the span 
for a free arch ; hence between rigid abut- 
ments, the new span must now be de- 
creased by the same amount to fit it in 
place. Similarly for a fall of tempera- 
ture. In this example, the distance be- 
tween centres of sections at the springs 
= Z =53.6 feet. 

By Art. 12, the change of span of ne'v 
tral line Uf is given by, 



the summation extending over the whole 
span. 



im 



^L^( 



ICG ia = y — e, 

^{ka.y) = 2y' - eSj/, 
EJet' I,+»I, 



11 = 



i^y'-e^y) « 



(See Art. 22 for c.) 

From Art. 26, (S/ - eSi/) - 43.41 
for the arch of Fig. 6. Let e = 0.000012, 
and suppose a fall of 35° C, (correspond- 
ing to 63'' F.), .-. 

lEf = 53.6 X 0.0O0O12 X 35 = 0.023512- 

The modiiliia of elasticity of the eon- 
creto will be taken at 1,400,000 x 1441b8. 
per square foot. 

By Art. 15, s ~ (I. + nl.) = 11.6. 

Sabstitnting the ahoTe values in the for- 

Uola, and we find, H = 9091 pounds, 

r the pull exerted for an arch 1 foot 

Jok for a fall of temperature of 63" F. 

' 118 assume a mean temperature of 

", and the estrenies, 03° F. and 

P. , corresponding to the fall 63° F. 

rise 40° F. Then II for 40° F. rise is 
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ind the correspond- I 
ing atressea ure in the ratio 40 : 63 to J 
those corresponding to 63° lall, but o( ^ 
opposite character. 

In finding the stresses by aid of Eq. 
(9), Art. 11, the work proceeds aa in Art. 
31, H being resolved into components i 
and Ij to the aectioD. The normal com- 
ponent of H is T of the formula, and 
M = H.ia. 

It conducea to elearnesa, to find the 
character of the stresses at a Eeotion of 
the right half of the arch, as that at a„ to 
conceive the left half removed, and to 
replace its action on the right half by a 
angle force H along l-k„ acting to the 
left for a fall and to the riglit for a rise 
of temperaturo. As kk, lies above a„ fhia 
canaes compression at the intrados, ten- 
sion at the extradoB for a fall, and the re- 
verse for a rise of temperature. 

On computing all the stresses due to 
temperature and combining results with 
those due to the loads, it is found t 
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the mux i HI mn tonsiou ever experienced 
is at the iiitrailoa at the crown, corre- 
sponding to a 63° F. fall of temperatnre, 
Its amount is 248 pounds per square inch. 
The maximum compression corresiwnda 
to 40° rise of tempGratnre and ia at the in- 
tradoa for section at «,, the stress being 
3S 1 pounds per square inch. The stresses 
where no live load is on the bridge, should 
be ascertained and combined with the 
f«mperature stresses as above. The rise 
or fall of temperature to be allowed will 
be discussed in Art. 40. 

37. To ascertain the approximiition in- 
volved in the above method for finding H 
for temperatnre stresses, a solid homoge- 
neous circular arch of constant section 
was assumed, the neutral Hue for the half 
arch divided into 16 equal parts and, for 
the dimensions assunied and a, rise of tem- 
perature of 30" C, the thrust was found 
to be II = 901.6 tons. Ry tlie formula 
k below it WHS 204.6 tons, a very satisfac- 
)t>ty agreement. 

The formula is exact, except that the 
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uniform compression due to T is neglect- 
ed as in the method above, and is given 
by Greene, Howe, Winkler, and others. 
(Winkler^s approximate formula gives re- 
sults differing widely from this exact one. ) 
The formula involves the quantities used 
above, also the radius r of the neutral line 
and the half central angle ot^ and in the 
most convenient form is, 

jj_ 2 El^g 

~~ .f oc ^ sin flf \ 

r ( -; h cos or — 2 ) 

Vsm a ^ ) 

A six or seven place table must be used 
in computing the parenthesis in the de- 
nominator. 

38. For the arch of variable section 
having any curves for intrados and extra- 
dos, the formula of Art. 36 can be put 
into another form, which can be used 
when 5 -T- (1, 4- nl J is not constant. Let 
I = (I, + ^Ig) ^^^ brevity, and putting 
5-T-I under the summation signs, the 
formula can be written, 



h 



'■'[H'>-~i)-'Hn)] 



Formula (10), Art. 12, gives 



(.4) = 



.^{y- 



' I 



The snmmation in tlie formulas of this 
article, estenda over half the span only 
on account of symmetry. 

[This formula for e reduces to the pre- 
vious value, Art, 22, when s -h I is con- 
Btant, as it becomes then e — (Sy) -i- n, 
where 2ff is the sum of the ordinatea on 
the half arch and « is their number.] 

On Bubstituting the above value of e, 
we are conducted to the formula for H 
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given by Howe, page 49, in his valuable 
work on Arches. 

In using this formula, it is most 
convenient to divide the neutral line into 
parts of equal length, scale off the ordi- 
nates to the centre of each division above 
the span line of the neutral axis (gene- 
rally from centre to centre of skewbacks), 
and tabulate quantities as follows : 



Point 



Dist. 
from 
abut- 
ment 


I 


1 
I 


y 


y2 


y 
I 















y- 



This formula saves the tentative divi- 
sion of the arch ring, to make ^ -^ I 
constant. It furnishes some check upon 
the former method. To compare them, 
a steel-concrete arch of 1 00 ft. span, 3 ft. 
depth of key, and 7.5 ft. radial depth at 
spring was treated by both methods, using 
14 divisions of the semi-arch by either 
method. The first one (^ -f- 1 constant), 
gave a result about 4 per cent, smaller 



I 
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tliau the second where s was taken con- 
stant. 

These determinationa should give con- 
fidence in the methods used. It was 
found however that it was highly desira- 
ble to use as many divisions as possible, 
siiy 30 to 30 for the half arch, to attain 
accuracy. Possibly 16 should be a 
minimum and then the result will be 
too small by a few per cent. 

PROPERTIES OF CONCRETE. 

39. Carefully conducted tests made 
at the Watertown Arsenal in 1899 on 
good materials, gave the following 
crushing loads on 1:2:4 concrete, such 
as is often used for arch rings. 

Age 7 days. 1 mo, 3 mo. B mo. 

Founds pet m. in. 1566 239e SHW 3826 

Tests on 1:3:6 concrete gave the 
corresponding figures: 1311, 2164, 
i^2, 3088. 

ssibly 500 pounds in two months 
lafely be counted on in practice. 
s experiments on tensile strength 
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are very meagre. About 300 pounds per 1 
square inch ultimate may be given as an I 
average, anil 150 to 200 ia recommend ad ] 
by some as a safe stress, and 50 to 60 by I 
otbers. Tbe modulus of elasticity hael 
been given all the way from 1.400,000 to 1 
4,000,000 pounds per square inch for I 
concrete. Tlie smaller figure refers to ex- [ 
periments on a 74.5 feet span and is po&- I 
aibly better adapted to practice. The 
safe shearing stress on a cross-aection 
may be put at 30 lbs. per sq. in, Mr. 
Hyatt proved the expansion of steel 
and concrete to be equal, whether under 
load or fire. Bauschinger, however, gives 
the coefficient of expansion for 1" C, 
referring to 1:2^:5 concrete, as a = 
O.0O000S8, whereas a usual figure for 
iron is rt =0.000012. The coefficient 
for shrinkage from setting of cement 
mortar in air is given as about 0,0010. 
Mr. Rafter* found for cement (1 :2 to 1 :4) 
mortar weighing from 119 to 128 lbs, 

• Trans. Am. S^w- C. E.. Vol. XLII, p. 152. 
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per cii. ft. and aandatone weighing 1 
lbs. per cu. ft., the concrete formed 
varied in weight from 139 to 148 Iba. 
per cu. ft., the volume of mortar varying 
from 33% to 40% of the broken stone. 

40. What rise a?idfaU of temperature 
shall be allowed f Steel arches readily 
take the temperature of the air and are 
quickly heiited by the sun, so that the 
extreme fall and an equal rise, at least, 
above the meau should be allowed. 

i'or concrete, etone or brick, it seems 
certain that no euch extremes are experi- 
enced, otherwise many of the hundreds ot 
concrete bridges ^nili in recent years 
would show cracks, for many of them are 
bnilt of veiy light section. Concrete, 
stone, brick, and earth are very poor eon- 
ductors, iind where the arch is covered 
with eai-th, doubtless its top dooa not 
vary a great deal in temperature. The 
aanie may be said for the lower side of 
arch, as it is next the water and screened 
from the direct rays of the sun. As con- 
crete or masonry bridges lire iisuiilly fin- 
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ished in the warmer months, the mean 
temperature of 53° F. was assumed in 
Art. 36, and a rise and fall of 40° and 
63° respectively. Doubtless half of these 
quantities would be nearer the truth for 
the changes in temperature of the arch 
ring, if 40° and 63° rise and fall referred 
to the air, and the amounts should de- 
crease as the depth of arch or span in- 
creases, though, of course, experiment 
alone can decide the whole matter. 

The exact determination of the maxi- 
mum stresses in concrete arches is compli- 
cated too by other considerations : the 
shrinkage of the concrete and permanent 
set under stress.* The shrinkage should 
not prove so great, if the concrete is well 
ranamed, still there will always be some 
shrinkage which will have the same 
effect as a fall of temperature corre- 
sponding to the same change of span 
with the resulting stresses. 

* See Mr. Molitor's paper on Three-Hinged Masonry 
Arches, in Trans. Am. Soc. C. E., Vol. XL, p. 56, not 
only on this point, but for a complete discussion of the 
three-hinged concrete arch. 
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It may be thought that inoreaaing tA 
depth at the crown may be the remed 
for temperature and allied stressea, but i 
this increases the horizontal thrust, tfa 
tensile stresses are not greatly altered. 

It is suggested that more steel shoul 
be nsed than strict theory requires, wit 
the ribs spaced closer together, to mak 
the practice conform more to the hypotl 
esie. This increase can be made to satial 
the condition, at any critical point in th 
arch, that all the bending moment dn 
to loads and temperature should be born 
entirely by the steel ribs at some strei 
under the elastic limit — say 20,00 
pounds. 

It is very evident from the foregoiilj 
that the steet concrete arch is, in evei; 
way, superior to the concrete arch, ae th 
unit stress actually sustained by the stat 
is small, and it tlius furnishes a reserv; 
of strength which may be colled fif 
sometime under exceptional loading. 
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OHAKGE OF SPAN. 

41. If the abutments give a small 
amount, the span of the neutral line in- 
creases a small amount d. On replacing 
let^ in the formulas above by fZ, the full 
H is found as before. The eifect is 
equivalent to a fall of temperature which 
requires the unstrained arch to be fitted 
to a larger span. The result is the same 
for the elastic shortening of the arch due 
to the tangential forces T, hitherto neg- 
lected. The sum of the horizontal pro- 
jections of the shortening of each part s 
of the neutral line, due to T, which can be 
computed, is the change of span, and re- 
places Uf above. 

If the stress /, in pounds per square 
foot, due to T alone, is taken roughly as 
the same on each crosis-section of the arch, 
the change of the span of the neutral line 

is f^n where E is the modulus in 
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pounds per square foot, and I the span of 
the neutral line : / might here be found 
as a rude average for the whole arch. i 



AECH HINGED AT ENDS ONLY. 

42. For an arch hinged at the ends 
onll/i the reactions pass through the cen- 
tre of the hinges, neglecting any friction, 
there. As the ajiau is invariable, the con- 
dition to he fulfilled by the eqniiihrium 
polygon ia given hy E(j. (11), Art. 12, or 
putting I = I, + -nlj for brevity, 

2^ = 0, 

where M, I,, Ij, and i/ are taken at the 
middle of the coiTesponding s, and the 
summation covers the entire span. Two 
solutions may be given: In the flrst, sup- 
pose the neutral line to pass through the 
hinges A, B, and that AB ia horizontal. 
Divide the neutral line of the arch ring 
into equal parts, each of length s, and 
measure on a drawing tlie vertical or- 
■ .dinates i/ from AB to the centre a of 
^h division, and estimate 1 = 1, + kI, 
tt each point a. Nest, draw, with a 
trial pole, an equilibrium polygon dae 
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to the loads, through A and B. Thaa, 
through an J point A' in the vertical 
through A, construct an equilibrium pol- 
ygon and suppose tha.t it meeta the verti- 
cal through B at B'. The ordinates 
through the points a from A'B' to the 
polygon are the values of y' below, which 
can now be supposed laid off from AB to 
give the required polygon passing through 
A and B. It need not he actually drawn. 
For the greatest accuracy, the successive 
weights shonld be taken as the weights of 
arch and load between the Bueeessive fl',B 
(as in Fig. 6). 

Then the preceding condition reduces 



1 
I 



g (y'-y)y ^ 



0, . 



pO^ 



aince M = H(y' — y), where H is the 
horizontal thrust, ^oth members of the 
last equality can be estimated. If the 
equality does not obtain, alter all the ordi- 
uatea of the type y' in the ratio 
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to locate the poitita of the true eqiiilib- 
riiim polygon siitisfyiiig the conditions. 
The true horizontal thrust is equal to the 
trial thrust multiplied by 

The second solution requires the divi- 
doii of the neutral axis to be made as in 
Art. 14, thus leading to the simple con- 
dition, 

2M_*/ = or ^y'y = Sy', 

and the solution proceeila as above. 

Also see "Theory of Solid and 
Braced Elastic Arches" for tempera- 
ture s 



ABL'TMEXTS. 

43. Lack of space prevents an extended 
treatment of abiitinenis. The reader may 
consult for partly empirical formulas 



93 [§44 

Trautwine's " Pocket Book/* Dubosque's 
'* Fonts et Viaducts/* or Van Nostrand's 
Magazine for Dec- 1883. The resultant 
acting on any joint of the abutment is at 
once found by combining the ascertained 
thrust of the arch with the weight of 
abutment and load over the joint. It 
should pass within the middle third. To 
avoid sliding it is well to construct the 
courses perpendicular to the resultant. 

THE SPANDREL RESISTANCE FOR YOUS- 

SOIR ARCHES. 

44. It will prove interesting to give a 
construction for spandrel resistance at 
this point.* It is found by assuming that 
the resultants on the successive joints or 
sections, are tangent to the centre line of 
the arch ring. Thus in the full centre 
arch of Fig. 7, lay off, on the extreme 
left vertical upwards, the loads from the 
crown to each joint in turn. Thus — 11 

- — -^ — ■ ■ . 

♦ See Rankine'8 Civil Engineering, Art. 138. 
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ia tie load (to scale) of arch and spandrel 
from the crown to joint 11. Draw w par- 
allel to the centre line at joint ll^the 
oonBtmction shown effects this easily, by 
druffing 0,11 through the intersection of 
c,Il with the semi-cii-cle, Sext draw a 
liorizoutal liae throngh 11 on the scale of 
loads, to the intersection e with the line 
jnat drawn ; then oe represents the mag- 
nitude and direction of the resultant at 
joint 11, whose two components o,ll and 
^11 are respectively, the load from the 
crown to joint 11, and the total horixQVr 
kd thrust exerted below joint 11. 

On repeating this construction for 
each joint, we find the horizontal tbruat 
Oixerted below each joint: the honzontal 
fhruat, then exerted upon a single vous- 
Boir, aa that between joints 11 and 13, by 
the spandrel, i s thu s the diflerence be- 
tween the line e,ll and the horizontal 
f,12. At joint 8, called '■- the joint of 
nature," the horizontal thnist obtains 
its maximum : and tibove this point, in 
this case, the Hjiundrel would have to 
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exert tensile forces to c 
line to becoDio the true line of pressures; 
bat if it caiiuot do this, the horizontal 
thrust from joint 8 to the crown is con- 
stant. 

In the latter ease, the tangent to the 
centre line at joiiit 8 is produced to inter- 
section n with the vertical through the 
centre of gravity of the load fi'oni the 
crown to joint 8, and from this point 
nm is drawn horizontal to intersection m 
with the crown joint. From tiiis centre 
of pressure, the line of the centres of 
pressure is drawn as usnal, as shown by 
the dotted line down to joint 8, from 
whence it follows the centre line a& as- 
snmed. {Of course this ia not the true 
curve, as we shall see further on.) 
fc 45. Tills tacitly assumes incompreasi- 

V ble sputidrels, for us an actual seml-circu- 

I lar arch, on striking the centres, tends to 

■ spread outwards at the haunches, if this 
^m tendency is entirely prevented by the 
H spandrels, this can only happen with in- 

■ compressible epundrek. 
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To illustrate, in Fig, 8 is drawn a line 
of resistance (not the true one) for the 
arch Huhjected to an eccentric load on 
the supposition that no spandrel resist- 
ances are experienced. 

This cm-ve or any other that may be 
drawn {including the true one) woald 
pass near or outside of the extrados, at 
joints l(i, BO that the arch would tend 
to rotate outwards about tliesc joints 
and thus spread at tlie haunches. If the 
spandrels really form an extension of tlie 
abutment upwards ■with equal solidity of 
"lonstructiou, especially if thcj are bonded 
rith the Tonssoirs, us is usual, their ac- 
ion is approximately as indicHteiJ above, 
and as a. ha^s for computation, the arch 
and spandrel from joints 8 down, with the 
abutments proper, cau be regarded as an 
immovable abutment, and the part of the 
arch ahoFe joint 8 can be treated aa an 
elastic arch by preceding methods. The 
equilibrium polygon for this upi»er part 
of the arch is then founil as in Art. 18, et 
seq., if it nowhere leaves the middle 
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third.* It of course does not agree with 
the dotted curve from m down to centre 
of joint 8, but lies on either side of the 
centre line. At joint 8 the true centre 
of pressure lies below the centre of that 
joint. Below that, the spandrels exert 
just so much resistance as to cause the 
line of the centres of 23ressure to keep 
near the centre line, so that no appreciable 
spreading occurs. These resistances could 
easily be estimated by a method some- 
what analogous to that given in Art. 43, 
but the results, even when known, are of 
but little importance. 

A better disposition of the masonry 
would be to omit the spandrels and to in- 
crease the radial depth of the arch ring 
from joint 8 (about) to the abutments, so 
that the true line of the centres of press- 
ure, should everywhere be contained in 
the middle third for the loading assumed. 

This plan is actually cheaper for a con- 



♦ Also see the author's " Theory of Voussoir Arches,* 
8d edition. 
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Crete arch. If spandrels were used here, 
and the whole, from crown to abutmeut, 
was treated as a solid arch, after the 
method of Art. 18, etc., it would he 
found, as in the example treated there, 
that the part from joint 8 down, exercises 
but little influence upou the curve of 
pressure, so that it can practically be 
treated as a part of the abutmeut. 



METHODS OF FAILI 




46. In Fig. 9 la ehowu the method of 
failure of aemi-circular arches when the 
abatnieuts are too narrow : the crown 
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sinks an^ the joints open at the intrados 
at V and at the extrados at E and R', the 
spandrels crack above E and E', and a 
portion mfeCKX of spandrel, arch and 
abutment, detaches itself, rotating about 
X. A portion XKS of the abutment 
is left standing when the mortar is 
weak.* 

In Van Nostrand's Magazine for March, 
1873, page 193, is described the Pont-y- 
Tu-Prydd arch bridge of 140 ft. span, 35 
ft. rise and only 1 ft. 6 in. depth of rubble 
arch ring in the body of the arch ! The 
curve is an arc of a circle. On striking 
the centres, the arch fell, the weight of 
the haunches forcing up the crown. The 
mason, noticing this, lightened the span- 
drels with cylindrical openings, filling 
the space between with charcoal, and 
succeeded in making the bridge stand. 
The resistance line is found to be every- 
where contained within the arch ring and 

* See other methods of faihire of arches given in '^'The- 
cry of Voassoir Arches, 2d ed., Art. 23 and Appendix. 
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the bridge stands to this day. It may not 
only prove instructive as a precedent to 
be avoided as regards the very thin arch 
ring, but it illustrutea the only method 
of failure of a segmental arch with im- 
movable abntmentB (when crushing of the 
vonaBoirs is not in question) and shows 
besides, that the stability of tlie segmen- 
tal arch ie increased by lightening the 
spandrels. This lightening the load over 
the haunches can be eflected in various 
■ways, as by substituting walls parallel or 
perpendicular to the outer spandrel walls 
connected by flags or arches, for the solid 
backing, or using a ateel framework for 
the interior wrdls, etc. An approximate 
construction will give at once the height 
of surcharge (supposed homogeneous and 
and of same deusity as the voussoirs) in 
order that the centre line of arch ring 
may be the true equilibrium curve. 
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B£IOHT OF SURCHABGE POB BQUI- 
LIBRIUU. 

47. In Fig. 10, divide the half span of 
centre line into equal parte, and erect ver- 
ticale meeting the centre line of arch ring 
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in a„a, ' . . - ; otdl the mid points of ac„ 
afi,, . . . , C|, e,, . . . , respectively and 
consider aCjC^c^, . . . , the eiinilibriuin 
polygon for the arch. From some point 
A, dniw Al horizontal, A2 || c,c„ A3 | 
c,c„ . . ., and draw the vertical 12 3..,, 
Bach a distance to the right of A, that 
the intercepted length 1 3 is eqnal to the 
median (vertical from soEdt to top of Bur- 
charge) at c, or depth at crown nearly. 
Then the length of medians at c,, c„ . . ., 
are 3 3, 3 4, . . ., respectively and the 
load acting at e, or c^, . . ., id thns equal 
to the corresponding median, multiplied 
by horizontal projection of aa^, or a^a^ 
. . ., multiplied by unit of ■weight. 

The walls, arches, charcoal, etc., can 
now be designed to give these weights at 
the respective points, in which case the 
centre line is the eqoilibrium polygon for 
dead loud, assuming all loads to act ver- 
tically. The latter hypothesia is nearer 
the truth when cross walla are used. 

48. If the cross walls are at other points 
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thaa those marked c, the weight of any 
one with its load, must equal the median 
along its vcTttcal centre line, mnltiplied 
by the sam of the honzontul distuncea 
from this median to verticals dniwii mid- 
way between the vertical axes of adjacent 
cross walls and this product then multi- 
plied by the weight j>er unit. This as- 
sumes the cross walls spaced equal hori- 
zontal distances apart. 

When longitudinal walls are used, their 
whole weight first rests upon the arch; 
but if the arch sinks appreciably, a small 
amount may be carried directly to the 
abutment, through cautilevcr action aided 
by friction. The tlieory of vertical loads 
would then seem to be admissible. But 
an important fact must be noted, i.e., 
that these walls resist spreading of the 
arch at the haunches and thus add mate- 
rially to the stability for arches of large 
central angle. 

Compacted earth filling can furnish 
little or no active horizontal thnist, but 
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it likewise adds to the stability by reBirt- 
ing appreciably any tendency to spread 
at the haunches. 

49. If the centre line is a parabola, it 
ia easy to show that the upper limit of 
the surcharge must be everywhere the 
same vertical distance from the soffit; bo 
that where the surcharge is very high the 
parabola is the best form of arch ring. 

This inaf be shoirn aDaJftically, in an easj 
manner. Thus conceive o,,os. . . , a„ Fig.lO, to 
consist of a thin metallic ring, that is to sustain 
n uniform horizontal load, w per foot, without 
bending; required the form of the curve o... a>. 
It ia necessary that the line of pressures eoineides 
throughout with the rib, for if it departs from 
it at any point, the resultant for that point 
multiplied by its lever arm to that point, gives 
a berding moment M, which the thin rib is sup- 
posed incapable of resisting. 

Let oA be the axis of X, the vertical down 
from a the axis of Y. The resultant al a is the 
horizontal thrust Q. Take moments of this 
force, and the downward acting weight on the 
paittHtt, about 0(1 whose coordinates ace jrandx. 
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Kow M mnst equal zero for every point of the 
arch, in which case the line of preaaurea wiU 
coincide with the figure of the rib. 
Placing M = 0, we deduce, 

t ^Q 
w ^* 

the equation of a parabola, Q.E.D. 



CHAPTER n. 

UNDERGROUND ARCHES. 

FOBMULAS FOR FAS8ISQ A. LINE OF BE- 
SISTANCE THROUGP THBBB GIVEN 
POINTS. 

SO. In the arch ADB, Pig. 11, suppose 
It required to pass a line of resistance 
through the points A, E and B. 




Let C be another point of this curve, 
at tlie crown, where the horizontal com- 
ponent of the pressure is Q, the vertical 
component P. Call the vertical compo- 
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nents of the loads on the segments AD, 
DB and ED, P^, P„ P„ respectively; 
their horizontal components, T„ T,, T„ 
respectively. 

Call the perpendicular distances from 
P, and Tj to A, a^ and c^ ; from P, and 
T, to B, a, and c, ; and from P, and T, 
to E, a, and c„ respectively. 

Also call the vertical distances of C, 
the point of application of the inclined 
thrust at the crown, above A, B and E, 
J^, ft, and S„ respectively; and the hori- 
zontal distances of the same points, A, B, 
B, from the crown, g^, g^ and ^,. 

61. We now take moments in turn 
about A, B and E. In Eqs. (1) and (3), 
we suppose the arch to the right of the 
crown removed, and its effect replaced b} 
the resultant of P and Q acting to the 
left, P being 4- when acting upwards ; in 
Eq. (2), the part left of the crown is sup- 
posed removed, and a force equal aud 
directly opposed to the resultant of P and 
Q acting to the right. 



We thns And ; 




i.,P,-j,P + c,T,=S,Q 


(1) 


«,P.+S'.P + CJ==*,Q 


m 


«.i'.-J,P+e,'r.=*,Q 


(3) 


Equating the valaeB of Q in {i; 


and 


we find, 




p_4,(o,P, + «,T,)-S,(o,P,+« 


a 


»,9. + »,S. 




From (1) we obtain, 




„_o,P,-j,P+.,T, 





w 



These equations saffice to determine P 
and Q, when the position of C is known. 
When, however, we can only locate the 
points A, E and B, the values of P and 
Q and the position of C is found as fol- 
lows : 

For convenience let ua make the f ol- 
lowing abbreviations : 



I 
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Now snbtiaot (2) from (1), 

a.P.-o.P,-P<Z,+c.T.~c.T,=Q«,. (6) 

also, subtract (3) from (1), 

a.P. -a,P,- Prf. + c,T,-c,T,=Q«.. 

Equating the values of Q drawn from 
these last two equations, and noting that 

«.P,(«.-«.)=a.P.«. ; <'.T.(«.-«.)=c.T.e, 
we have, 

P = 

g.(a.P.+c.T.)-g.(a.P.-K.T.)-R.(ff3P.+c.T.) 

(7) 

Substituting in Eq. (6) the value of P 
just found, reducing the terms of one 
member to the same denominator, col- 
lecting like terms, whose coefficients are 
of the type «rf, and noting that e,— e, = 6, 
and rf,— rf,=:dj, we have, 

Q = 

e,d,-e,d, 

(8) 



From (1) we h 



(9) 



to fix the poaition of C at tlie crown.* 

We have always for the reactions at A 
and B, P'=p— P, P"=P.+ P, Q'= 
Q-T„ Q"-Q-T,. 

52. The ahove equations apply directly 
to nnHym metrical archea, solicited only 
by vertical forces by makiug T„ T„ and 
T, zero. 

WJien the arch and had is symmetri- 
cal, P — 0. Tf the point of application 
at the crown is known, we have from (5), 



^c,T, 



(10) 



If two points A and E are given, we 
have then g^=g,, h,=h^, (7, = 2(;„ e,=o. 



from (8), 
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Q^ g»P. + g,T,-KP3-fg,T3) ^^^j 

The position of Q is then found from 
(9) by making P = o. 

Eq. (11) is very easily deduced inde- 
pendently. 

APPLICATION TO CULVERTS. 

53. Let Fig. 12 represent a culvert 
having no masonry backing, with the em- 
bankment above it partially completed; 
so that when the material of the embank- 
ment is reduced to the same specific grav- 
ity as that of the arch, a line ai (taken 
straight for simplicity) will limit its top; 
the earth being level to the left of a and 
to the right of L 

The tables for the vertical forces are 
made out as usual.* The mean heights 
of the trapezoids are represented by the 
dotted lines and the sum of the first three 
trapezoids will be considered as the sur- 

* See the author ^s " Theory of Voussoir Arches." 
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face from the crown to the -third jomi 
similarly for other joints. 



i 

oint] I 




L 



The horizontal forces are due to the 
earth preasitre and are veiy difficult to 
estimate exnctly, In a inaas of earth 
with an nnh'miM level surfwe, theh 
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zcmiBl preBsnre per square unit at a 
depth X* 

1— sin. f 



' l-fain, I 



= wx /an' (46°— I*). 



When the upper surface ie at the angle 
of repose ^, the pressure per square unit 
of a vertical plane parallel to the slope, iB, 

p' ^ Kx eoe. ^, 

to repreeents the weight per cubic unit of 
the earth. 

These fonrnilsB are modified, when tho 
earth is not of unlimited extent, tlie fric- 
tion of the abutting surfaces causing a 
change in the direction of the pressure. 

Aa the surface above is sloping from a 
to I, and level elsewhere, only a rough 
approximation to the pressure is possible. 

Cohesion, likewise, plfiys an important 
role in earth pressure; its inilueneo be- 
coming much more marked as the em- 



h 
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bankment grows older. For new embank* 
ments it is well to neglect it. 

Let us assume, us u rough approxima- 
tion, that the horizontal pressures, due to 
the earth, on voussoirs 1, 3, 3 and 4, cor- 
respond to the heights x measured along 
the dotted lines from the extrados of each 
voussoir to the surface «(', and are given 
by formula for p above. 

The surfaces against which these prees- 
nres act for voussoirs 1, 3, 3, 4, are, be, 
cd, de, ef, respectively ; so that the bori- 
aontal pressure acting on tlie third Tona- 
Boir, for instance, is equal to the product 
of the height (V^, by the height of the 
surcharge from tlie extradoa to the sur- 
face, by tail' (45— Ji?). (w being taken 
as unity). In the following examples let 
* = 30", so that, /aji" (45— J*) = i. 

The horizontal pressure then upon the 
third vouasoir is, deXxx\, It may be 

written ^ for any vouasoir. The lever 

arms of these forces, about the top ot the 
arch, are the vertical distances from the 
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line hh to the middle of the segments 
hcy cdy de and ef. The sum of the mo- 
ments of these forces, down to any joint, 
divided by the sum of the same forces, 
gives the vertical distance from the line 
J>h to the resultant of the forces taken. 

54. Example, — Let the span of the 
semi-circular culvert, Fig. 13, be 11.30 
units of length, the depth of voussoir 
0.94, the height ab of the reduced sur- 
charge 25.12, and the height hi^ 12.56. 
If the backing was solid up to M, the 
horizontal forces would be due more 
nearly to the depth from a to the vous- 
soirs on the left, and from i on the right. 

Now let it be required to pass a curve 
of resistance, 0.41, below the top of the 
crown joint, and through the lower mid- 
dle third limits, a\; joints six on either 
side. 

The vertical loads from the crown to 
joints six on left and riglit are P^ = 
133.23, P,= 101.28; the distances of 
their resultants from the verticals through 
the crown are 3.01 and 2.79 respectively, 
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whence by meaBurement on the drawing, 
o,= (;,= 5.1 and a, = 5.'. 




Similarly, 



= 26.41, 
= 18.51, c 



= 3.5-1.7=1.8 



whence, by Eq, (4), 

_ fl,P. + c.T,-(fl.P,-j-c,T.) 



=B^n 



Alao, byEq. (5), Q=ftfi. 

Now lay off on vertical lineB, 08, to 
left and right of the centre, the vertical 
loads from the crown to the jointa in 
order. Also lay off the distances, on the 
horizontal through the summit, from the 
crown to the centres of gravity of the 
total vertical loads in order, Thne 86 = 
3.01, corresponding to ?,= 133.33. 

Next, lay oif on the horizontals through 
1, 2, . . . , to 1 ', 2', . , . , the total liorizon- 
tal forces for the lef tand right aide respect- 
ively. Also lav off on vertical lines their 
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points of application. Thus the total 
horizontal earth thrust from the crown to 
joint 6 on the left is T,= 26.41 ; and its 
point of application is ^6 = 1 . 71 below the 
summit. To find the thrust at the 
crown, lay off mn = Q horizontally, and 
wo = P vertically downwards : 7no { = vo 
drawn || mo) is then the resultant at the 
crown joint in position and magnitude. 
Now, to find the centre of pressure on a 
joint, as the 6th on the left, draw vertical 
and horizontal lines 6J, 6J, through the 
points of application of P, and T^, to in- 
tersection h; which is thus the point of 
application of the resultant of P, and T^, 
represented by a straight line from to 6' 
in the force polygon on the left. From 
I draw ha || 06' to intersection a with mo 
produced ; from a draw ac || v%' to inter- 
section with joint 6 at its centre of press- 
ure. It is evident that the resultant 
there is represented by the line vB', the 
resultant of 06, 06' and vo, or of P„ T„ 
&iid the inclined thrust at the crown; 
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similaily on the right side, tol 
position of the resultant on joint 8, we 
find d, 3.29 to the right of_S and 3.34 
below it; thence draw de | 08' to inter- 
section e with mo produced ; thence draw 
ef I v'A' to / the required point ; the 
magnitude and direction of the reaultant 
being represented there hy the line u8'. 

The line of the centres of pressnre thaa 
found, represented hy the dotted line, 
leaves the middle third at joints i, 5 and 
8 on the right, and at joint 8 on the left. 

A line neuter the truth, if the passire 
resistance of the earth is still neglected, 
would probably hare m raised somevhat 
and / nearer the extrados. 

6.5. The earth is next supposed level at 
iop, the distance f>a = hj. Fig. 13, being 
35.13 units. On making out vertical 
and horizontal forces as before, for one 
side only, we find from Eq, (10), Q =z 
123.3 cubic units of stone, on passing a 
curve of resistance through the upper 
middle third limit at the ci'own and the 
lower middle third limit at joint 6. 



1 
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The curve thus found keeps every- 
where in the middle third except at 
joints 8, where it nearly reaches the ex- 
trad os. 

56. If the arch atones are not increased 
in depth near the abutment, joints 8 will 
tend to open at the intrados ; hut this they 
cannot do unless the haunches spread; 
which is in turn resisted hy the span- 
drels ; or if there are none, hy an increased 
horizontal thruat which the earth is capa- 
ble of putting forth, thus keeping the 
line of reBistance 'within the arch ring, 
e.g., within the middle third, if the do- 
formation that the earth permits is amall. 

Experience shows that very thin arch 
rings, built in rubble, often can fulfill the 
conditions of stability when embanked 
over carefully; the centres being struck 
after the embankment is mostly com- 
pleted, * 

The theory of earth pressuref demon- 



BiBuok,"p. a«. 
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strates that the earth is capable of exert- 
ing much greater passive resistances than 
active thrusts, but their exact amounts 
are uncertain ; though if a line of centres 
of pressure is assumed from about joints 
5 down, to lie near the centre line, their 
magnitudes can be found after the meth- 
od of Art. 43. If the arch stones are 
increased in size near the abutment, so 
that aline of centres of pressure can every- 
where be inscribed in the middle third, 
the arch will need but little aid from the 
passive resistance of the earth, and this 
* precaution is strongly urged. 

57. The dimensions of the preceding 
culvert and surcharge may be taken in 
any unit, as feet, meters, etc. 

If the unit taken is the meter, it corre- 
sponds to a railroad culvert at Schwelm, 
the top of the embankment being 31. "40 
above the top of the arch, corresponding 
to a weight 25."12 high of materials as 
dense as the voussoirs, as given by Schef- 
fler. 

The normal pressures on joints 6 or 8 are 
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is of the firmest and safest kind. la Boft 

and Blippery mttteriide, the tliickneea 
riingea f rom v'.'aTyto t'.^ti/'." 

Tiie arch is pctculiarly adapted ior a 
tunnel support ; for it is the great ad- 
vantage of the arch, that it will not ht 
forceii in in one place withoui it isforctd 
out at another. The latter the envelop- 
ing mass generally prevents, if stones 
and earth are packed in tight back of the 
arch ; so that the arcli so constracted 
should generally stand unless crushed 
from a too heavy load. 

As, in practice, tunnel arches are not 
thus crushed, we may infer, as stated be- 
fore on theoretical grounds, tliat only! 
part of the superincumbent material 
presses on them. In every deep tunnel, 
the thickness of the arch ring is not in- 
creased over that due to a comparatively 
small height, as is inferred from the pre- 
ceding formula. 

If a quicksand is encountered on one 
side or the other, the curvature of tho 
arch miist be sharply increiised there, or 



Hie arch n 
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STch may be forced in, as has hap- 
pened in certain treacherous clays. 

51). Assuming the preceding fomiulaa 
for earth thrust and the depth of Bur- 
diarge that is supposed to press, in ac- 
K>rdance with this theory, the stability 
if a tunnel arch is investigated as pre- 
lionsly explained in the case of culyerta. 
Thus take the tunnel arch under the 
rbames. Fig. 14, whose dimensions in 
bet are as follows : the thickness of the 
rch ring is about 3, the radius of the 
kpper part 0. . fi is 7 ; and of the inferior 
»rt 6.. 10, 28.25 feet ; the upper part 
rang formed of three concentric rolls 
vithout bond, but supposed to act as one 

flUUB, 

The earth and water above the tunnel 
IB supposed to exercise upon the arch a 
pressure corresponding to a load 34.75 ft. 
high of material like that of the toos- 
soirg; the reduced surcharge being sup- 
I>oeed level at top for simplicity. 
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and 10. However, if the earth is packed 
tight around the arch, joint 10 cannot 
open on the inside as the haunches can- 
not spread, and in fact, the induced (pas- 
sive) resistance of the earth, giving 
greater horizontal forces than assumed, 
will cause the centres of pressure below c 
to lie nearer the centre of the joints. It 
is better thus than to have the centre line 
coincide with the dotted curve through- 
out ; for then, if the active earth thrusts 
are actually greater than computed tlie 
arch ring may be forced in somewhere. 
We conclude that this arqh is well de- 
signed as to form. 

When a tunnel is constructed through 
firm earth, the active horizontal earth 
thrusts are small and even nil in some 
cases, so that the portion from joints G to 
10 may be made vertical. This should 
not be done if the material is a kind ol 
clay that swells when exposed to air and 
moisture. In Fig. 14, the inverted arch 
at the bottom is intended to prevent the 
forcing in of the sides. 
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THE ELLIPSE THE FBOFER FOBM FOB A 
TDNNEL AECH. 

60. The resietanee line in Fig. 14, re- 
semblea a portion of an ellipse. 

We can easily prove analyticallj th&t the 
filipBB is the proper form (or a tunnel arch, when 
clii: depth of Burchar^ is so great that the in- 




Fig. 19 

tensity of the thrust of the earth at any part of 

^fliearch is praetiwllj" the same. To take the 

■aiMt Eeneral case, let the top surface of the 

lewth be I OT in the adjoining Figure. Call 

the pressure, per unit of ineliiied plane OY, in 

a Tertital direction, p ; the eoDJufjate pressure 
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in a direction | OY, per unit of a vertical plane 
OA, can be represented, according to the theory 
of earth pressure, by cp, e being a constant. 
Let OA = a;, AB = y, OAB = ft and call the 
thrust at O in the direction OY, tangent to the 
rib BOD at 0, pT. This rib, or *♦ linear arch." 
is not supposed to have any bending moment at 
any point, otherwise a deformation would ensue. 
The total vertical pressure on OB is py, the con. 
jugate pressure is cpx. Being uniformly dis- 
tributed, their lever arms about B are 

y sin. 0, a; sin. ft ,. , 

' — 5-^^ — 2 respectively. 

Now, if any point, as B, of the arc is to be a 
point in the line of pressures, we must have, 
taking moments about B, 

;>T^sin.e=(^+^)sin.^, 

.-. y^=2Tx-cx^, 
the equation of an ellipse, 

Q.E.D. 

The equation of an ellipse referred to a diameter 
and the tangent at its vertex, a and b being the 
semi-conjugate diameters, is 

y« = — , (2ax - a;«). 



Comparing with the alio 



ave, ^^H 

pigale pre»»tir» I 



Or, The inlensitiea of Ike conjugate pn»tMr» 
are as the squares of the diameters to which 
the;/ are parallel. 

If in the equation above we make, a:=OA=a. 
w(. flni.1, y=AB=6; whence from the last equa- 

TJ = a- 

Now the thrust at =pT = acp. whilst that ftt 
the ends of the conjugate diameter DB, acting 
I OX, is hp; hence, theen foreea nre proportioniH 
to the diamelera to which ihty are parallel. 

To uonstruct the arch, c and a or 6 must be 
giTCQ to find the other semi-diameter from the 
equation, c = i'-f- a'. 

WuBs THE Top Sttbface of Earth is Lktbi^ 
OY becomes level, and ^ = 90°. a and 6 an 
now the semi-axes of the ellipso. From the 

theory of earth pi'essure, — = tan. '(45° — ^ff), 

whence. Tor a tunnel arch, 
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Next, make e^l{0 being 90"*) and the ellipse 
becomes a circle. At anj point of the circle 
consider the two equal forces, p, p, at right 
angles and acting on a unit of area of planes X 
to them. Their resultant acts normally to the 
circle, and its intensity is easily found to be p, 
the intensity of the vertical and horizontal com. 
ponents. 

Calling r = a = by the radius of the circle, we 
have the thrust at = pT =pr, or the product 
of the intensity on a unit of circumference by 
the radius. This thrust is the same all around 
the ring. The above are the principal deduc- 
tions by Rankine for the arches considered 
above, but the proof is entirely di^erent to that 
given by him. The last formula is sometimes 
used to find the horizontal thrust at the crown 
for a symmetrical arch uniformly loaded, as the 
pressure there is normal to the equilibrium 
curve, and its intensity p is equal to the depth 
of arch and reduced surcharge at the crown, 
multiplied by the weight of stone per cubic unit. 
As the radius r of the linear arch at the crown, 
is not known, it may be assumed equal to that 
of the intrados there, and the approximate 
thrust = pr computed. 

Du Bosque uses this formula of Navier's for 
the thrust, in dealing with the arches of certain 
proportions examined by him, but, of course, for 
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other proportions it would not work. Some- 
times a rough approximation to the thrust is all 
that is wanted ; in that case, the formiila ie 
serviceable. 



CHAPTER III. 

GROINED A>iD CLOISTERED ARCHES. 

61. Groined and cloistered arches are 
formed by the intersection of two cylin- 
drical arches, having the same rise and 
their axes in the same plane. The 
groined arch is formed by removing those 
portions of each cylinder which lie under 
the other and between their common 
curves of intersection ; the cloistered arch 
by removing the portions of each cylin- 
der above the other and exterior to their 
common intersection. 

The forces exerted in any part of a 
groined arch of masonry are best shown 
by an example. 

GROINED ARCH. 

62. Let the square ABCD, Fig. 16, be 
the plan of a groined arch, AC and BD 
representing the groins ; the elevation is 
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shown, at BMC of the front face AD. 
There are abutments at A, B, C and D, 
one of which is shown at A in plan. 

Let us divide the portion of the arch 
.md load between the groins into simple 
(cylindrical) arches, ad AID, aJ.o, . . 
which rest at their extremities on the 
groins AE, DE. We can estimate the 
stability of any one of these arches by 
principles previously established, and find 
the resultant pressure that it exercises 
upon the groin. The latter supports a 
similar pressure from each side ; the re- 
sultant of these two pressures, which is 
generally oblique, can then be decom- 
posed into horizontal and vertical compo- 
nents, which are the forces to be used, in 
their proper positions, in ascertaining the 
stability of the simple arch constituting 
the groin, and also of the abutment 
against which it leans. 

In this example the dimensions are 
given in meters, though any unit may be 
taken. Let AD = 7.54; the arc AFD 
in plan, a semicircle whose radius is thus, 
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OB = a.r?; depth of keyatoue KL = " 
0.47; the height of surcharge abova it, 
LM — 1.2R. Divide the semi-groin AE 
into u number of equal parts, four in tUe 
figure, and suppose eiich simple arch, ae 
AID, to terminate at the middle, a„ of 
its corresponding division. Project up 
a,, ff,, a,, «, to &|, J„ J„ J„ in elevation. 
Then on this supposition the weight AIF 
sustained at (i„ is represented in elevation 
by MNSjK, supposing the joints vertical. 
Similarly for arch o,JI, etc. If an ele- 
mentary arch (t,JIo could change Bhape 
under stress independently of the adja- 
cent arches, its resistance line would be 
uniquely determined by the theory of the 
elastic arch, and the centres of pressure 
for the suceesaivB arches S,, b„ S„ b^, at 
their respective springings, could be 
found. As this hypothesis cannot be said 
to obtain, the points b are indeterminate. 
It is perhaps safe to take thom on or near 
the centre line down to tiie vertical 
through B, whic-h limits the construction. 
In this example another plan (not ao 
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good) waa adopted. Thug, : 
the centre of pressure at i 
taken at the upper middle third limit, 
and at b^ at the lower middle third limit, 
from which the resultant at (w, 5,) can be 
found. For the other arcs, as n,IJ, 
retain the same value aud positioa of Q 
at the crown. We thus find from the 
diagram for arc AID the resultants in 
amount, position aud direction at the 
pointa (a„ d,), (a„ l>,), {«„ i,) of the 
groins, due to all the arcs in the space 
AEF. 

In the following table of Tolumes and 
centres of gravity corresponding to MN4K 
V = vohime of trapezoidal prism lying 
just to right of Joint to which it refers 
= width X mean height x IF. 

In this case IF = JI z= 0.94. I is the 
distance of the centre of gravity of the 
trapezoid from the crown, and m the cor- 
responding moment. V is the volume 
from the crown to the Joint to which it 
ra, found by adding the numbers in 
OOliimn V. Similarly jU is formed from 
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m, and the quotientB ^ = C, give the 

distances of the centrea of gravity of these 
volumes V from the crowru 


Joint 


V 


I 


m 


V 


M 


C 


1 


.78 


.24 


.1872 


.78 


.1873 


.24 


2 


1.68 


.96 


1.6128 


3.46 


1.8000 


.78 


3 


3.04 


1.81 


3.8984 


4.50 


5.(1964 


1.37 


4 


3.74 


2.87 


7,8688 


7.24 


13.5603 


1.87 


13.5602 








Laying off l^.S; from the crown to 
the left on Q prolonged and drawing from 
f this point a straight line to 6., we have 
^^^H)« direction of the resultant at b,. Its 
^^K^unt is found by laying off P. = 7.24 
^^^^ the vertical, through the point 1.87 to 
^^^Bft of the crown, downwai-ds, and then 
^^^Htwiug a horizontal }ine to the resultant, 
^^^Kioh may now, u^ well as Q, be scaled 
^^^R. We thus and Q = 5.45. ^^M 



141 [§63 

Next, combining the forces at «,, 6?,, rt„ 
and a^, due to the arcs on either side of 
the groin AE, we have for the vertical 
components of the resultants at a^ a,, a„ 
a^, 1.56, 4.92, 9., 14.48 respectively, 
being double the numbers given in column 
V above. 

The horizontal component at each 
pomt isQV2"=7.7.* 

It is evident that the greater the num- 
ber of divisions IF, JI, &c., the more 
accurate the result. It is well to test the 
above volumes analytically. 

FORMULAS FOR VOLUME. 

63. Let OB = OK = r, KM = c, and the va- 
riable distance E</ = a^d = x. An arc a^de in 
plan is shown in elevation by 4321 K, where 
44»=a; and 04^= \/f^-x\ 

Draw a tangent at K to intersection II with 
N4. The area between this tangent, 114 and arc 



* If the centres of pressure are all asyinnod to lie on the 
centre line («w suggested above) Q must be determined 
separately for each elementary arch, as just explained for 
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4K is easWj found by jiiibtracting from the rect- 
angle fX, the triangle ^x *^r* — a:' and the sector 



On multiplying this by dx, we find tlio volume 
of an elementary arch, parallel to AD, of thick- 
ness dx and at a distance x from B. The inte- 
gral between le = r and x = o gives the total 
volume o( the aolid AEF or J the groined arch; 
equal to, 






0478 r" 



Aa r = 8.77. b = 0.47+ 1.26 = 1.73 .-. vtA. 
AEF = 14.85. From the Table this volunie = 
(.78 + 3.46 + 4.50 + 7.24) = 14.98.* 

ARCH OP OBOtlT AND ABITTMBNT. 

64. It will conduce to cleameaa to lay 
off on an elevation of tlie groiii and abut- 
ment, Fig, 17, the forces just foand. 



1 Mr. Loonanl MFlcnlf's 



ring Nene fur Augiut 23. lU 
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directly over a,, o,, . . . at the same 
heights OB b^, £„ . . . are above the 
springing, viz., 4.03, 3.76, 3.15 and 2.18. 




Fig. 17 

The distance i of the resultant T of the 
horizontal forces above the springing is 
thus, 

, 7.7(4.03 + .3.76 + 3.15+2.12) „ ,, 

t- r|._.,n - Q ^ J.aO, 
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from which T ciia be located. Sitnilftily 
take moments of tlie vertical forces about 
A, to find the diatwnce, p, that their 
resultant, P, acts to the right of A, 
.-.p = 

14.46X. 68+3x3.01 +4. flxa. 35+1. 56x4. 69 
P = 29.93 

= 1.73 

The resultant of T and P passes outside 
of the arch ring above the springing. On 
combining it in turn with the weight of 
the itbiitmeiit 8x3x3, the litial reeultaiit 
cute the base at S, \ the depth from the 
onter edge, 

65. The arch ring of the groin in the 
actual example, lias a depth of O^.S!; 
being double that of the ring as drawn, 
which may thus be supjiosed to repreeent 
its middle hidf. 

To test its stability, combine the re- 
sultant of the forces 7.7 and 1.56, being 
the pressure on the joint midway between 
(/, and n„ with the resultant of the next 
two concurrent forces, 7.7 and 4.9, t« 
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fid the resultant on the joint midway 
etween a, and a,; next, combine this 
ast resultant with that of the next two 
3oncurrent forces and so on. The final 
resultant on the springing joint should 
coincide with the resultant of P and T 
just found.* 

The line of the centres of pressure is 
thus found to keep very near the centre 
line down to a^, below which it passes out 
of the arch ring, on the extrados side. 

The heavy backing will exert horizontal 
forces to modify this line of resistance, 
probably keeping it in the arch ring near 
the springing; for otherwise the in trades 
joints about the springing must open; 
but this cannot happen unless the extra- 
dos joints open about a^. If the backing 
prevents the latter, the former cannot 
occur, and the centres of pressure are 
found somewhere in the middle third. 

A horizontal thrust, H, at the crown 

♦ Where the p^ln is a distinct arch, the weight of its 
successive portions should be combined with these forces 
in the proper order. 
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of the groin wii! be exerted only wnt 
the resistance line b,b,/t,b^ approaches the 
intnidos loo nearly. If it is desired that 
the centre of pressure should fall at a cer- 
tain point on the vertical throngh «, call 
the arms of H, T and P about this point 
h, I and p ; then, 

Wi + Ti -Pp = 0. 
from which H can be found. It may be 
assumed to act at the centre of the crown 

In all ordinary cases no thrust at the 
crown ia needed and an opening can be 
made there with safety for light and ven- 
tilation. This is done in vaulted cover- 
ings of reservoirs and filter beds, which 
are generally rectangular in plan and 
consist of groined and cylindrical arches 
springing from the interior piers, and 
cloistered arches springing from the abut- 
ment, which last are wullii surrounding 
the rectangular space. 

66. It is usual in such constructione 
to place the abutments as in 



& in Fig.^^ 
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The space between them is usually covered 
with simple arches as ABCD. The hori- 
zontal thrusts of the two leaning against 
one abutment, acting at the crown joints 
combined into one, Q' 1^2 acting directly 
oyer the centre of the abutment, and in 




the direction of a diagonal, as EA. The 
weights of the two semi-arches acting at 
their centres of gravity are combined 
into one, 2P', acting at a on the diagonal 
AE. On drawing now a section of the 
abutment along AE produced and laying 
off the forces Q' l/2, 2P', T, P, H if any, 
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and the weight of abutment, in their 
proper poBitiona and combininQ; these 
forces into one resultant, we aecertain if 
the centre of pressure at the baee of the 
abutment lies within proper limits. It 
will be found that the addition of the 
encompaesingiirclies conduces to stability, 
the effect of the downward force 2P', 
more than counteracting the effect of the 
force Q' 4/a, , 

67. The qnestion of stability has so far 
alone been considered. As to strength, 
the simple arch of largest span is to be 
designed by nsual methods and the max- 
imum at- ess ascertained. If the result- 
ants have been assumed to aot at the 
centre of certain joints, double the uni- 
Vrm intensity of att'osa there for safety. 
The Bivrae remarka apply to the arch along 
;he groin (if any). Where equal arches 
spring from a pier in four directions, at 
right angles to each other, the reaaltant 
thrust on such a pier passes through its 
centre. 

For a single vault, as in Fig. 18, the 
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resuliant meets the base of the pier AB 
on the diagonal EA produced, say at a 
distance e from its centre. If we call N 
its normal (vertical) component the max- 
imum and minimum stresses per unit are 
(7, Art 11), 

Xd'"^ d' ) 

where d = AB = side of square base. 
The minimum stress is zero when 

and for greater values of e, the stress at 
A is tensile, which should be avoided, as 
it is best not to count on the tensile stress 
of the mortar. 

Where concrete is used for the arch 
the previous investigation holds, though 
there is certainly decided gain in strength 
for the arches from the tensile strength 
of the concrete, both in the arch and 
backing. * 

♦ See Transactions Am. Soc. C. E., Vol, 43, p. 65. 
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SchefBer* litis deduced appro: 
formulas, from which is found {for the 
case shown by Fig. 18 and a safety factor 
n = 3, by which the horizontal thrust is 
multiplied), that a groined arch ahould 
have the same size of abutment as a cylin- 
drical arch of the same span. For n = 1, 
the case of Hmitiiig stability, it was found 
that the width AB for the groined arch, 
was IJ times that for a cylindrical arch 
of same span AC. As he assumes the 
horizontal thrust to act at the top of the 
keystone and makes a number of rude 
approximations besides, sometimes on the 
safe side, at other times otherwise, the 
results are open to doii^t. For « = 1, 
however, they set-m to be couGrmed by 
the experiments of Eoudelet (see Art. 69). 

CLOISTERED ARCH. 

In the cloistered arch, shovn in 

. in Fig. 10, ABCD is a square lying 

a horizontal plane, whilst EF is a sim- 
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pie arch of span EF, and rise equal to the 
height of the crown at G above the spring- 
ing. AD and BC are the groins, form- 
ing the re-entrant angles on which the 
smaller arcs, as ab, be, cd^ fg^ etc. , meet 




Fig. 19 

with an inclined tangent. Thus ab is 
precisely similar in form to the part EH 
of the full centre arch EF. The ele- 
ments be or fb are thus horizontal. Now 
the thrust at the crown G of the simple 
arch EF of small width, is horizontal. 
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and is computed as for a simple arch. 
The arcs ab and cd suabiin at b and e 
horizontal thrusts communiciited through 
the horizontal element be. When the 
centres are struck, the tendency to fall 
(jauses pressure on the vousaoirs in four 
directions, X and ( AB, so that the ele- 
ments, as be and bf of the cylinders stis- 
tnin a uniform horizontal compression in 
the directions be and b/, and the toob- 
Boirs composing these elements sust&in 
likewise an inclined thrust (except at the 
groins, whore it is horizontal), in a direc- 
tion perpendiculiir to the elements, whose 
amount is easily determined by the meth- 
ods affecting simple arches. 

69. Thus divide EG into any number 
of equal parts, and find by usual methods 
the weights and the positions of their 
centres of gravity, from the springing 
AC to any joint, in place of from G to 
the joint, as hitli«rto. Part of the table 
made out then directly applies to each 
partial arc, as nb. On the elevation of 
the aemi-arch EG and of each partial 
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arch, as ah^ construct resistance lines, 
lying as near the centre line as possible, 
down to the '* joint of rupture" (Art. 
44). In doing this, proceed as shown in 
the latter part of Art. 62, to find the 
horizontal thrust and the resultant at the 
abntment. With the tables made out as 
above, the resultant at the abutment 
must be combined, in turn, with the 
weights from the abutment to the joint 
considered, to find the centres of pressure 
on those joints. 

We thus find the various horizontal 
thrusts, acting at the groins CG and AG 
in a direction ±AC. On multiplying 
each of these thrusts by its vertical dis- 
tance above the springing, and dividing 
the result by the sum of the thrusts, we 
find the vertical distance above the 
springing at which the resultant of the 
horizontal thrust T, of the part AGO, 
acts. Similarly, find the horizontal dis- 
tance to the resultant of the vertical 
forces, P acting on the part AGO; this 
resultant representing the weight of 
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AGO. On combining these reanltante, 
T and P acting in the vertical plane EG 
with the weight of the abutment, as 
shown in Fig. 17, we ascertain whether 
the centre of pressure on the base of the 
abutment falls within proper limits. 
Since the arc EP (Fig. 19) causes the 
greatest thrust, unless the abutment is 
made to act as one piece, as supposed 
above, its width should vary, being greats 
est at E and diminishing tc naught, theo- 
retically, at C; the intermediate widths 
being found in the usual manner from 
the thrusts of the partial arches resting 
tliere. If the curve limiting these widths 
is assumed to be a parabola, which is 
doubtless safe, then it is easy to show 
(see SchefRer, §58) that the abntment 

LAIJC ((Fig. 19) of rectangular section, 
having the same moment as the one of 
parabolic section, has a width, 
wh 



: 0.73O3e' = fe' (say) 
where e' is the width of abutment at E 
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for the simple arch EF, which can be 
found by usual methods. 

In view of the indetermination existing 
as to the true curves of resistance of 
arches such as EF, ah, the practical solu- 
tion is suggested of designing EF as for 
a simple arch, and giving the same radial 
depth of arch ring to all the other arches. 
The width of abutment is then to be 
found by the last formula. 

This last formula is agreeable to the 
experiments of Rondelet on models; that 
for limiting equilibrium and for the 
same span^ the widths of the ahitments 
of domes, cloistered arches, cyliridrical 
archeSy and groiiied archer are as the 
numbers J 1, 3, A: and 6. 



CHAPTER IV. 

DOMES OF MASONEY. 

70. The eoflSt of the dome will be Blip- | 
posed to be geneiuted by revolving a I 
curve abont the vertical line representing 
the rise of the arch called the axis, bo 




Fig. 20 

that every horijontal section of the soffit 
ia a circle. The extraiios may be gener- 
ated by revolving a similar curve or any 
other figure about the asis similarly for 
the upper limit of the bucking. If we 
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pass two meridian planes, malting a em^I 
angle, ^, with each other, through the 
axis, we cut from the dome and bucking 
if any, a solid FC, Fig. 20, bdrig a part 
of a wedge-shaped figure whose soffit la 
a portion of a lune, when the generating 
curve IB an arc of a circle. This solid, 
for want of a better name, we shall call 
a lune solid. 

Now pass conical joints, perpendicular 
to the soffit, at certain distaucea apart; 
the part of the dome proper, as DE, 
lying between any two conical joints, 
will be called a crown. 

It is proper first to examine the con- 
ditions of equilibrium of such a crown; 
which can moreover form the superior 
part of a dome open above. 

There are developed in these crowns 
horizontal pressures y, q, whose direc- 
tions are normal to the joints of the 
crown, and more intense in the upper 
than in the lower crowns. 

When we alterwarda consider the lune 
Bolid, CF, limited by meridian planes, it 



\ 
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is necesaary to combine tte' 
q, q into a single horizontul force Q, 
acting ontwarde. It is necessary in all 
cases that the horizontal thrust at the 
npper joint may be null. 

This is evident for an open dome; for 
the dome closed at top, which is only a 
particular case of the open dome, it 8&- 
Bultfl from the fact, that the surface of 
the joint at the summit reduces to a line, 
which cannot support a finite pressure.* 

71, Let Fig. 21 represent a lune solid 
of the open dome considered, and let P, 
P,^, P,, P„ laid off in order on the verti- 
cal line P,P„ represent the weights of 
YousBoirs 1, 2, 3, 4, respectively, with 
their loads. Let ua assume, for the 
present, that the forces q, q, of the pre- 
ceding Ggure act at the centres of the 
voussoira; ao that the forcea Q„ Q,, . . , 
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ct through the centres of their corre- 
ponding Tonssoira, 1, 3, ... , and hori- 
Qntall; to the left in Fig. '^1. 




Now the horizontal thrust at joint o is 
lull. The weiglit P, of the first Youseoir 
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and load, acts through a and doea i 
meet joiut 1, so thiit there is uo stability 
unless the "crown" iucludingthis Toua- 
soir, in tending to full, exerts a liorizontal 
pressure. The resultant Q, of the press- 
ures exerted on both sides of Toussoir 1 
should be so great that when combined 
with P,, the resultant shall cut the joint 
to which it refers, and make with the 
normal to thia joint an angle not leas 
than the angle of friction. These two 
conditioiia hold for every joint. If no 
jointa open the resultants will lie in the 
middle thii-d. Therefore, it Q, be made 
so large that a line drawn through a Q S, 
the resultant of P, and Q,, satisfies the 
above conditions, the point where it cata 
joint 1 may ho regarded as a possible 
centre of pressure. 

If the above conditions are not satis- 
fied for an aasiuned value of Q„ Q, must 
be increased. 

Now extend , the line through a, just 
drawn, to intersection with the vertical 
through the centre of gnivity of the sec- 
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ond TousBoir and load, wbose weight ia P, ; 
from this poiut draw a parallel to R,, ihe 
resultant of S, and P,, and esfcenU it up- 
wardfl to intersection b, with the horizon- 
tal through tiie centre of the second 
Tooasoir along which Q., acta. On draw- 
ing through b a line to some point on 
joint 3; a parallel to it, in the force dia- 
gram, gives S„ and cuts off Q„ as shown 
in the figure. Ab before, if S, does not 
mutce an angle with the normal to joint 
2 less than the angle of friction, Q^ mnat 
be increased nnd the line through h made 
parallel to S, thus found. Siniiliirly we 
proceed for other jijint^a, until finally we 
get to a joint, as 3, below which no more 
forces of the type Q are nesdod to pre- 
Tent the resultants on succeeding joints 
from falling below certain limits. The 
part of the Inne solid below joint 3, 
called the ^^ joint of rupture," thus acts 
aa any simple arch; therefore we dei*i- 
mine the resultant on joint 4 by combin- 
ing Sj and P. — i. e., by drawing through 
d « parallel to R, of the force diagram, 
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the resultant on joint 4, to intersection 
with that joint. 

Similarly, if we combine the resultant 
S, on joint 3 with the weight of the en- 
tire abutment, we find tho centre of 
pressure on joint 5, whioh should lie 
within the middle third. 

72. It is evident from the foregoing 
that an infinite number of equilibrium 
polygons can be drawn, all satisfying the 
conditions stateii, bo that it seems impoa- 
aible to select the true one. Some of the 
indeterminatioQ, howerer, can be re- 
moved, by considering the elustic jrielding 
of the dome. Thus, since the vouasoira 
are compressible, and if, as is usual, the 
actual reaidtant an the springing joint 
passes to tho left of the centre, the outer 
edge is most compressed, and to allow 
this the haunches must ejiread and the 
top of the arch descend, so that about 
joint .3, the centre of pressure passes be- 
low and at the top, above the centre line. 
This is all the more evident if the spring- 
ing joint opens at tho inner edge. This 
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new will be illoBtrated by on examine ia 
Art. 83. 

Ae a modification of tlie above hypoth- 
esis, we may assume tbiit the rcBultanta 
S„ S,, . . . , are tangent to the centre 
line, from the crown to the joint o£ rup- 
ture. It will be foand that this involves 
raising Q,, Q„ .... siightly above the 
centres of the voussoira. Tlie coustruc- 
tion is much simplified by this assump- 
tion, which will be illuBtrated more fully 
in Art. 77. 

73. Fromthedefinitionof Art. 70, and 
a plan of a voussoir bonmicd by the two 
meridian planes whose included angle in 
arc is f, and which is solicited by the 
two horizontal forces g, q, (acting per- 
pendicular to its vertical faces), whose 
Mgoltont ia Q, we have, 

JQ = g- sin. ^(6. 

If a = half span, aad e = horizontal 
widtli of voussoir at the springing, then 
Oft ^ e. When the angle ^ is small, i.e., 



73 ^^k 

m 



J 



§74] 164 

Then E is made email enough, we bare 
from the ahove equation, 

. = | = ^Q^ 

from which 5,, q, ■ ■ . can he compated, 
as soon as Q„ Q„ are found by the eon* 
atrnction above. 



NUMERICAL EXAMPLE. 

74. Let 113 take tbe half spsn {Fig. 21) equd 
to 9.42 units, the depth of arch ring O.M; and 
let the inclined line Jg limit the load, the point 
/being 12.34 above tliocenti-ee of the soffit, and 
g, 1.98 lower than /, The radius /* = 1.86. 
Now divide the horizontal hk into sis porta, 
each l.SS wide, in place of three as before; drop 
verticals through the points of Uivisioii, and 
from their intersection with the estrados dnnf 
the joints to 8. We shall suppose approsi- 
maCely that tlie figures so formed are trapezoids, 
whose area equals the mean height innltiplied 
by the width. 

The volume of a Toussoir and loiwl can be ei- 
actly determined by the theorem of Pappus : 

Tlif vohiniB of a solid of revohif ion is fgualio 
ihe produtt of Ike area of /he generating eitrfacg 
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and O^e distance described by its centre of grav- 
ity while generating the body. 

Let X = distance from axis ef to the medial 
vertical of a trapezoid, 

. • . volume of trapezoidal solid = 

a 

where A = area of trapezoid and a = radius e4. 

Take f = 1 for simplicity. The thickness of 
voussoir at the springing = S selected is imma- 
terial except in finding q, since multiplying the 
weights of voussoirs and abutments by the same 
quantity does not change their ratios. 

In the following table, column (1) refers to 
joint, column (2) gives the height of the trape- 
zoidal solid, column (3) its width, column (4) 

or 
its thickness = — , and column (5) their product 

representing the forces Pi, Pa, , . . 



(1) 


(2) 


(3) 


(4) 




(5) 


1 


2.65 


1.26 


.25 


0.83 


2 


2.83 


1.26 


.38 


i p. 


1.35 


3 


3.23 


1.26 


.50 


p. 


2.03 


4 


3.92 


1.26 


.63 


p, 


3.11 


5 


5.03 


1.26 


.76 


' p. 


4.82 


6 


7.05 


1.26 


.89 


p« 


7.90 


7 


10.99 


0.94 


1.00 


p. 


10.33 
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The cflnstrnetion is now proceeded with e 
aetlyfts described (or Fig. 31, which is in fact 
a, drawing to these dimensions. 

The induceil fi>ri'PS Q„ Q„ . . . , were con- 
ceived to pass through the centres o( the vous- 

soifH. The reBultants S^, Sg on the joints 

were mode lirsC to pnss through the lower middle 
third limits, and afterwards through the csentres 
of tliose joints. In both cases the joint marked 3 
in Fig, 31, was the joint ot rupture; the result- 
tint on the springing joint, in the first instance, 
coinciding with the resultant as drawn in Ftg. 
31; in the Isat case passing nearly through the 
eKtrados. The total horizontal thrust in the 
first case = T.T5; in the last, 8.13. If we take 
the width of abutment at 3, its height above the 
springing 10.99, its depth below it 7.01 ; its 
lO.fiS 



mean thickness i: 



9.fl 



= 1.1, and its total 



Tolnme. including a part of the arch is SxlBx 
1.1 = 5S.4: which combined with the resultant 
Si on the joint marked S in Fig. 21, cuts the 
base, for the Qrst case noted above, only 0.05 
outside of the middle third, In the last case 0. 18 
outside. 

The lorce Q, = 3.8 is the largest of the forces 
Qii Qi ■ ■ ■ , whence by Art. 94, 

q =s — Q, = B.9 X 3.3 =: 33.77 cubic uuita 
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of stone. The force q acts on an area of 1.23 
square units. There is evidently no danger of 
crushing from the horizontal thrust around the 
second crown from the top, as stone will bear on 
a square unit a pillar of a square unit section 
and several thousand units high. Similarly for 
resultants on all the joints. We conclude that 
with the backing used and by increasing the 
depth of arch ring at the springing about one- 
third, the arch will be stable. 

FORMULAS FOB VOLUME. 

75. When the soffit and exterior sur- 
face of the dome are both surfaces of 
spheres having the same centre, the vol- 
umes of the voussoirs are easily obtained. 
Thus, by geometry, the area of the zone 
formed by revolving an arc as rs (Fig. 22) 
about the axis ac is equal to tht5 altitude 
h of rs multiplied by 2;rr, r being the 
radius as of the sphere. Pass now two 
meridian planes through ac^ whose in- 
cluded angle is — of a circumference. 
The part of the zone included between 
them has an area so that the pyra- 
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mid formed on thie base with a vertex at a, 

has a Tolume —r, — ■ . 

Similarly the pjraniid having the part 
of the zone represented by tv b& a base, 

has a Tolume, — it where r' = radina ai 

and A' = altitude of arc tv. Therefore 
the Tolunie of the Tousaoir rslv included 
between the meridian planes and the 
conical joints rv and st ia, 



-(r-h-r~h-) 



where r and k are the radius and altitude 
of the exterior arc, r' and A' of the inte- 
rior. If the altitudes of the type k are 
made equal in auetiessive arcs, the values 
h' will all be equal. This can be shown 
as follows: Draw horizontal lines through 
r and v. Fig. 33, and drop verticals A and 
h' from s and t to them, and call the 
chords rs and vi, c and c', . ' , from Bimilar 
triangles, 




7 .-. h'= 



When A is constant for flneceeaiTe area ] 
of the extradoa, A' is similarly constant 
for thecorrespontliiigarcsof theintradoa, 
Similarly the centre Hue of the arch ring I 
will be divided into arcs of the siime alti- 
tnde when A is constant — and eonvoraely. 

It follows, that if de. Fig. 22, repre- 
eents the centre line of part of a Inne 
solid, having exterior and interior radii 
r and r', if d is projected on the axis at c 
and e at A ; also if he ia divided into eqnal 
parts, and horiKontals are drawn through 
the points of division to intersection with 
arc de, the normal joints being passed 
through these intersections, then by the 
formula above, the vouasoirs so formed 
are all eqnal in volume. 

76. Let us refer again to the inner 
dome de (Fig. 22). 

If we pass horizontal planes midway 
between the liorizontals first drawn, also 
pafls conical joints through their in tersec- 
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tion with the centre line de^ we divide the 
previous voussoirs exactly in half, so that 
the centres of gravity of the first voussoirs 
lie on these supposed intermediate coni- 
cal joints. They also lie nearly on the 
centre line de, and the error of so regard- 
ing them can be made as small as we 
choose by sufficiently diminishing ^, the 
angle included between the two meridian 
planes and the height of the voussoir. 

The centres of gravity of the voussoirs 
will therefore be assumed to be on the 
centre line of the elevation of the medial 
meridian section de^ at the intersections 
of the horizontals drawn midway between 
the first horizontals drawn that divide ic 
into equal parts. 

DOME OF TWO SHELLS WITH LANTERK. 

77. Eig. 22 represents a meridian sec- 
tion of the Church of St. Peter at Eome. 
The dimensions given by Scheffler, as I 
understand them,* are as follows : 

* I have used the dimensions given in his Tables, whicii 
differ, in some respects, from those in the text 
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The radius of ,he soHit is 73 feet, and 
of the outer surface, as = 83,8. At 31 
feet above the apiiugiug, the structure is 
composed of two domes, the outer having 
u thickiieaa of 2.6 feet, the imier being 
4.1 thick at d and 5.1 at e, bo that the 
ceutre line d8 is dcdcribud from a centre 
slightly below a on the vertical ac pro- 
duced. The dome has an opening at top 
13.4 radius, and the lantern supported at 
the top is equivalent in weight to a atone 
of section 3.1x56.6, of which the outer 
shell Bupporta one-third and ths imier 
two-thirds. The first voussoir at the top, 
in both shellB, is made 2.1, horizontal 
width ; the altitude of the centre line, 
he, l"nr the part de, Is then divided into 8 
equal parts and the joints drawn as in the 
figure, a similar construction applying to 
the outer shell. The part below the two 
is similarly divided into i! equal 
parts. Applying the formula just de- 
duced in Art. I'S, measuring the altitudes 
OQ a drawing to a acale of 4 feet to the 
inch, we find th** volumes or tliL' voussoira 
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like rstVy tt— 28696, the vonssoirs of the 
outer shell, — 3957, except the top one, 

27t 

whose volume is — - 359 cubic feet. The 

volume of the top voussoir of the inner 

shell is :r— 501 cubic feet. The voussoirs 
6n 

2 to 9 of the inner shell, were each, in 

turn, assumed to have an outer surface 

concentric with the soffit, of radius equal 

to the mean radius of tlie outer surface 

for the voussoir considered, i.e., equal to 

72 + mean thickness in feet of voussoir. 

We thus find the volumes of voussoirs 

2 to 9 equal to the constant - — multiplied 

in turn by 4695, 4805, 4915, 5000, 5124, 
5206, 5267 and 5400. 

The volume of the lantern, by the law 
of Pappus (Art. 74) = 2.1 x 56.6 x 

2;rx 13.45 2;r 

=-7— 4794, one-third of which 

n dn 

is added to the volume of voussoir 1 of 
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outer shell andttt'o-thirdsto that of vous- 
aoir 1 of the inner shell. The part fgh, 
10,3 wide and 33.7 high, hae a volume, 

10.3 X 23.7 X ^""^ ^' '^ = 1^ 56500. 
n an 

This part has not the full width of the 
bottom Toussoirs as drawn in the figare, 

TENBION IK IKON BANDS. ■ THBUOTS. 

78. We now lay off on vertical lines 
the weights just found, omitting the oom- 

mOn constant -:j— . 

The loads affecting the outer shell are 
laid off to its left ; those pertainiug to 
the inner shell are not shown in the 



To be on the safe side, we shall assume 
that the resultants on the joints from the 
Bnmmit to the joint of rupture are tan- 
gent to the centre line of the ring. Thus 
for the outer shell, draw through the 
points 1, 2, . . . , of the force line, par- 
te tangents to the centre line at 
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joints 1, 2, . . . (or ± to radii). These 
lines cut off successive distances on the 
horizontal through o, equal to the radial 
forces Q,, Q^ . . . exerted by the suc- 
cessive crowns 1, 2, . . . 

We find that below joint 6 there is no 
longer a radial force needed ; so that be- 
low that joint the curve of resistance is 
continued to joint 9 as in a simple arch. 

Similar results were found for the 
inner shell. The Centres of pressure on 
joints 9 of the outer and inner shells are 
at the outer middle third limit for the 
outer shell, and slightly above the centre 
line for the inner shell. This necessi- 
tates spreading about joints 6, so that the 
centre of pressure there is below the 
centre line, hence the actual horizontal 
thrust is less than estimated, as stated 
above. 

Now combining the resultants at joint 9 
into one, its position being found by mo- 
ments, and laying off x9 equal and paral- 
lel to it, we continue the line of resistance 
as per dotted line to joint Jig. The sue- 
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ceasive voluiiiea of voiisaoirs are laid off 
on tile force line » . , . i;i. This eecond 
force diagram is drawn to a smaller eode 
tliau the preceding. 

79. At joint liff the centre of preasnre 
passes oiitsiile the joint, bo that the dome 
cannot be regarded as sntBcieotly stable 
in itself. If rotation occurs, the line of 
resistance wonld approach the extradoa 
at the summit, the intriidoB at the jointa 
of rnpture, and the extrados !it joint hg. 

By encircling the dome just above or 
below the springing by a band of iron of 
snfEcient crosa section, stability may be 
assnred. 

The total horizontal thrust of the lune 

Bolid (being— X the horizontal compo- 
nent of ,r;i) is 

Q= 39600^ =13300^ 

cubic feet of stone = 324^ tons, I 

IPiit the weight of a cubic foot of b1 

i.j: ibfi. = -u; ton. 
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If this is to be entirely destroyed by 
the iron band, so that the resultants be- 
low the springing will all be vertical, we 
have the tension in the band by Art. 73, 
when ^ is small, 

Q 

g' — ^ = 924 tons. 

Now iron, exposed to a dead stress 
alone, may safely be subjected to a stress 
of 7i tons per square incli ; so that the 
bar may have a cross section of 123 
square inches. 

If the iron stretches izloa ^^ ^^s length 
for every ton per square inch, the ring 
whose diameter is 1G8 feet will elongate 
0.33 feet, so that the diameter is in- 
creased 0.04 feet. There will conse- 
quently be a slight deformation of the 
arch ; in consequence, the top of the 
abutment moves slightly outwards, and 
the pressure on its base is not generally 
vertical; i.e., the iron band has not to- 
tally destroyed the horizontal thrust. 

A similar effect follows from a rise of 
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temperature, the reverse for a fall; for 
the temperature of the iron will euSm 
greater deviations from the mean than 
the moBonry. This result is modified 
»gain hj tlie different coefficients of ex- 
pansion of stone and iron; granite and 
marble expanding less than iron, sand- 
stone, more. 

There is no necessity in the voussoir 
dome for additional hoops below the first, 
nnless the first is too small to destroy the 
ontward thrust. The problem is then 
really indeterminate of asciertalaing the 
precise amounts of the stresses sustained 
by the several hoops. The one nearest the 
joint of rapture of course will sustain by 
far the greatest part; the hoops, at joints 
where no spreading would occur, if they 
were not applied, not sustaining any. It 
would seem best to make these hoops of 
steel as it does not stretch as much as 
iron. Wire cables with a means of tight- 
ening would be especially convenient. 

80. We see that the thrust of the type 
Q is greatest on voiissoirs 1 of both shef ~ 



al^H 
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Thus for outer shell, 



Q, = 16900^=5633^5 



and for the inner shell, Qj 6000 ^, 
which multiplied by .07 give the thrusts 

Q 

in tons. By Art. 73, we have q= -^or 

394 tons and 420 tons respectively. Now 
voussoir 1 of outer shell has a lateral area 
of 6 square feet; the lower voussoir 1, an 
area of 10.45 square feet, so that the 
pressures per square foot are 66 and 40 
tons respectively, which good stone can 
stand easily. 

The thrusts Q, of both shells is prob- 
ably less than assumed, for the force dia- 
grams indicate a small value for Q^ — in 
fact, for the lower shell Q^ nearly vanish- 
es— but the compression around the ring 
of the first crown would necessarily bring 
the second more in action thereby increas- 
ing its thrust. The tendency then is to 
equalize more nearly the values of the 
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thrnsts Q„ Q,, . , . than as given by oni 

construction. 

81, It is evident that the greatest econ- 
omy is subserved, by the employment 
of one or more thin domes to a short dis- 
tance below the joint of rupture, as is the 
practice generally in large domes. One 
ahell would suffice if the weight of Inn- 
tern (if any) conld be carried by it; 
otherwise two or more ahonld be used. 

The abutment below Joint Jtg is conn- 
terforted so as to present a greater width 
than shown in the figure. The introduc- 
tion of the hoop of course prevents any 
movement in it, so that the stability of 
the whole structure is assured. 



DOME WITHOUT lASTERN. — SCGQES- 
TION. 

!. We shall give now the spherical 
e closed at top to illustrate the other 

|iiew taken in Art. 73 of the position of 
e line of rrsistaiice, besides other pointe 

lot noticed before. Tliis dome, 
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has a thickness of one-fifteenth the span, 
and is supposed to have immovable abut- 
ments. 




Fig. 23 si' 



Divide the altitude of the centre line 
of the ring into eight equal parts, draw 
horizontals^ &c., as before. The lune 
solid is thus divided into eight equal 
parts which lay off on the force line 
. . . 8. 

Now a dome of this kind only fails by 
rotating about the outer edges of joints 
at the crown and abutment, and the 
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inner edges about joint 4 ; each lime soul 
separatiug from the otliers and acting as 
a simple arch. It cannot fail by the 
hauncbes falling in. 

Eor a dome then of small stabilitj, tbe 
line of tbe centres of pressures passes 
nearly through tbe top, tbe intrados edge 
at joint 4, and the outer edge at joint 8. 

For a dome of greater stability its 
position depends ujjon tbe amount of 
spreading at the haunches, and the con- 
sequent rocking at joint 8. If a line of 
resistance can just be inscribed in eertflin 
limits, equally distant from the centre, 
then it is probable, from a consideration 
of tbe way in which an arch settles, that 
the actnal resistance line nearly touches 
these limiting curves towards the extra- 
dos side at the top and abutment, and 
next the intradoa side at the joint of 
rupture. 

For example, take the middle third 
limits and draw an arc of a circle through 
tbe upper limit at the summit and the 
lower limit iit joint 4 with a centre c and 




that this arc eoincidea with the 
line of reaistaiice a eortiiin distance from 
the top, the resultants boiug tangent to 
it. 

Then at Bome joint as 3 continue the 
resistance line down to the springing. 
with the horizontal thrust found itt 2. If 
the line bo found doee not keep within 
the middle third, let it he commenced at 
another joint, until one is found that will 
Gatiafy the conditions if possible. On di- 
viding vouesoir 3 into four otht'is, it was 
found that a line of rosiBtiiuco, oontintied 
as lor a simple arch, from where the arc 
above cuts the upper joint of voussoir 1^, 
keeps almost entirely in the middle third, 
as shown hy the dotted line : cutting 
joints i and 5 nearly at the lower limita 
and joint 8 at the outer limit. 

83, In case no such line can be found, 
the radial deptli of urch ring must be in- 
creased until the requirement obtains. 
Where only one such line can be fonnd, 
the true centres of prL-ssure n.re doubtless 
slightly outside the limiting curves at 



I 
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joints 4 and 8, as in the case ~o 
drical arth.* 

The simple arch ia found to begin 
slightly helow joint Iwhen the upper mid- 
dle third limit is assumed as the resistance 
line ahove it. Where the centre line of 
the arch ring ia assamed for the upper 
curve, the horizontal thruat becomes con- 
stant, and simple arch action begins 
lower down, between joliita 3 and i (Art. 
78), BO that much less of the dome acts 
as a simple arch in this case. 

The true resistance Hue, even for im- 
movable abutments, depends upon the 
cutting of the stones as well as the elastic 
yielding of the dome, and probably lies 
between the two given by the above con- 
struction and that of Art, 78. If domes 
are designed then on both hypotheses, bo 
that the resistance line can just be con- 
tained within the middle third, a mean 

L* BeePiflf. Eddy'9 -Jlew Congtrnctiona Id Oraptilcil 
SUtics," p. X. for a ilin^t melhwl of locating Uie realat 
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of the results should give a good working 
Value to the thickness. 

In the example above, if we divide 
voussoir 1 into four equal ones, we find 
that the circumferential thrusts per 
^uare unit on each crown going from 
the top are proportional to 2.5, 2.3, 1.9, 
and 1.8 respectively, so that the unit 
stresses decrease going from the summit. 
With a heavy lantern a very small 
crown of voussoirs next the summit ex- 
erts a comparatively large thrust ; so that 
the upper crown is compressed sufficiently 
to bring the next crown more in action, 
and so on down. In this case, the point 
oof the force line (Fig. 23) is moved up- 
wards, and since the inclined thrusts 
above the joint of rupture do not change 
direction, the joint of rupture is much 
higher than when there is no lantern. 
The reverse happens when weight is re- 
moved from the top, as in the case of the 
open dome, so that the lantern with the 
open dome may have the joint of rupture 
near the usual position. 
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BEINFORCED COSCllETE OR METAL 






84. Ill domea that can supply tensile 
resistances wliere needed, the force dia- 
gram can be given another form, which 
is more convenient for estimating the 
tensile forces. 

To take the most general case, for a 
closed spherical dome, suppose the thick- 
nesa t, always small, to increase in goin'g 
from the summit down. The intrndos 
of a meridian section will be snppoaed a 
quadrant of a circle described with a 
centre C, Fig. S4(a), and the extrados, 
an arc of a circle having a centre below 
C on tlie vertical uxia AC produced, 
giving the desired thickness at Bammit 
A and base B. Kow mark the centres 
of the sections at A and B and find by 
trial the centime of a circle, on AC pro- 
duced, that will pass throngh theae two 
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points. The arc of this circle between 
A and B irill be taken as the centre line 
of the meridian section, and its radius to 
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scale in feet will be called r. Suppose 
AB, Fig. 21(a), to represent this centre 
hne. 

Divide AC into equal parts, each of 
length a. Only eight divisions are shown 
in the figure; three or four times as many 
are desirable. Also draw the horizontals 
Ju ?!»■••» through the points of divi- 
sion, meeting the centre line at c„ c„ . . . , 

The area of the zone generated by 
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revolving any of tLe area, as Ac,, c,o^ 
about AC ia Hrrra, aud the weight of the 
ill or crown is %nrawt. 



approximately ; 

where w = weight of material per cnlfic 

foot in pounds, 
t = mean thicknesa of part of 

shell considered in feet. 
The weight of a "vonssoir" contained 
between the two meridian planes making 

an angle tp = — with each other ia 



1 , 



ipt = ip.rawl. 



On giving to i the value of the thickness 
at the centre of arcs Ac,, c,c„ . . . , in 
turn, we find the weights of TOiiasoira 
Ac,, «,c„ . . . , by this formula.* 
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Lay off on the vertical 08, Fig. 24(b), 
the values, to scale, of rawt of voussoirs 
ACj, c-jCg, etc., in turn; whence, 

weight of voussoir A^, = ^.01, 
weight of voussoir c^c^ = ^.12, etc. 

The meridional thrusts at e?,, c„ . . . , are 
assumed to be tangent to the centre line 
ACjC,, . . . ; hence draw 01', 02', . . . , 
perpendicular to the radii at c^, c„ . . . , 
to intersection with horizontals through 
1, 2, 3 . . . . Also mark off the hori- 
zontal projections of 1'2', 2'3', . . . , as 
shown, and the force diagram is com- 
pleted. 

From the triangle Oil', we see that 
three forces act on voussoir Ac^ : its 

^»=(^/_51)ii_j_503, .•.r'= 52.01. 

By geometry, the volume of the entire shell is the dif- 
ference between the volninci of the spherical segment, hav- 
'"g the radius r' and altitude 51. and that of the hemi- 
"Phere of radius 50. 

.-. vol. = n ("51 '(52.01 - ''}^ ^ - I (50)»1 = 7728-. 

^ of this should nearly equal ^^ raw^ (f). If not. the 

"nmber of divisions of AC must be increased until an 
approximate equality obtains. 
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weight = ifc.Ol ; Q, = ^-.ll', the result- 
ant of the two forces q, q. Art. 70, and 
the upwjird meridional thrust — ft. I'O of 
the second voueaoir upon the first. 

The force polygon for the vouBSoir c,c, 
ia Ol'62'O: where ^ft.Ol' = downward me- 
ridional thrnat of first vousaoir at G^ upon 
the second; ^'.I't = weight of vouasoir 
cfi^\ ^.52' (acting to left) = Q, and 
^6.2'0 = upward raeridioual thrust of 
vouasoir c,c^ upon Yousaoir c^c^. The 
directions in which the forces act are 
found, ng usual, by following around the 
force polygon in the proper order. We 
thus have Q,, Q.„ Q„ acting to the left 
.■. the crowns in which voussoirs Ac,, c^c„ 
c^c,, lie, are in compression. All the 
other crowns are in tension, Thna, for 
Toussoir c,f, the force polygon in order 
is 05'c6'0 ; whence Q, = ^\5'c acta to 
the right, giving tlie corresponding q, y, 
tension. 
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MERIDIONAL THRUST PER UKIT OF 
LEKGTH OF HORIZONTAL CIR- 
CUMFERENCE. 

85. The meridional thrust at c, is 
^.02'; it acts on a horizontal width of 

vonssoir — ^=tb,y^; hence the thrust 

per unit of horizontal circumference is 

In this way Ave find the meridional 
thrusts per unit of length of horizontal 
circumference at 



to be 



^i> ^a> ^3» 

or 02; 03; 
y^' y.' ^s' 



where, e.g., 02' means the numerical 
measure of the line 02' to the scale of 
force used in Fig. 24(b), and y, the 
measure, to the scale of feet, of the length 
marked y, on Fig. 24(a). 

The thrust is thus given in pounds. 
On dividing by the area on which it acts, 
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( X I = t (where t i& llie tbiclciiess at the 
joint considered), we obtiin the etreee in 
pounds per square loot on the conical 
joint in qneBtioii. 

HOOF TENSION. 

86. Let ns couceive that the dome 
only extends from A to c„ where it is 
supported by a cylindrical wall. If the 
part of the latter contained between the 
two meridian planes is too narrow to 
withstand the meridional thrust »^'.03'. a 
steel hoop cun be made to encircle the 
dome at the level of c, to withstand the 
hDrlzDntal oomponent f. 33' of the thrust, 

I by Art. 73, the tension in it will be 
L T = ^—^ = 33' ponnds. 
F ' 
feire 
boot 
: 



1 Bimilarlj Bappoee the abutment 
Wrely at e„ c„ . . . , and thus find 
Dioop tensions, 11', 22', 33', . , . 
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CROWN STRESSES. 

87. To illustrate the method of find- 
ing crown stresses, let us consider vous- 
soir Cj6?,. For it, we have seen that 
Q^ = ^.J2', acts to left, whence the 
thrust around the crown including this 
Youssoir is. Art. 73, 



$r, = -^ = J2' pounds. 

Similarly for Toussoir c^c^, Q^ = ^.5'^, 
acts to the right, whence the crown 
including this youssoir is, in tension, 

q^ = b'c pounds. 

Denote the horizontal projections of 
or, 1'2', 2'3', ..., by 

^i> ^a» ^8' • • • » 

and the lengths to scale in feet of arcs 
^Ox^ ^i^a» ^a^3» • • • > by 

^l5 ^2? ^3? • • • > 

then the average stress on the vertical 
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joints 4 and 8, aa ia the cose of a. cylin- 
drical arch.* 

The simple arch ia found to begin 
slightly below joiat Iwhen the upper mid- 
dle third limit is assumed as the resistance 
line above it. Where the centre line of 
the arch ring is assumed for the upper 
curve, the horizontal thrust becomes con- 
stant, and simple arch action begins 
lower down, between joints 3 and i (Art. 
78), BO that niucb less of the dome acts 
as a simple arch in this case. 

The true resistance line, even for im- 
movable abutments, depends upon 
cutting of the sto 
yielding of the di 
between the ti 
Btructij 




[g83 



Fof the resnlts ahonld give a good workiug 
lotne to the tbickneis. 
In the example aboTe, if we dirido 
Toussoir 1 into four e<mal ones, we fiiid 
IiluiC the circuniferential thruate pur 
iqiiare unit on each crown going from 
the top are prnportioual to 2.5, 2.3, 1.9, 
and 1.8 respectively, so that tlio unit 
stresses decrease going from the Maiimiit, 
With a heavy lantern a very wimli 
ctowa of vousBoira next the Guiuinit ex- 
erts a comparatively lai'ge thrunl ; bo tlint 
the apper crown ia compreased au ffluioiiLly 
; the next crown more in fiction, 
m down. In this case, the jmiiit 
6 line (Fig. 23) ia movwl iip- 
. since the inclined UiiuwU 
goint of rnptnre do nut rliiinuu 



I 



■ of 



rupture i 



,.,„,■ „f l.lt« 



niptuw 



aud tliG vertical projection m 

(seven) equal parts, each of length a. 

Therefore, taking the thicknesa of the 




Fig. 25. 

shell — t feet, constant for aimplicity 

(the modifications where t varies will be 

apparent from preceding articles), the 

.weight of each of tlie vousBoirs e,c, and 



197 [§88 

c^c^ will be fpra'ivf, and of each of the 
remaiuing voussoirs, r/,, etc., ipraivt. 

The horizontal radii at c^, c^, c,, to 
scale in feet being called y^, y„ y„ we 
have . 

_ W 

Whence the weight of lantern resting ^ 
Youssoir c^c^ is 

and the weight of lantern resting on 
YOUssoir CjC, is 

JjBkj off on the vertical load line^ 
01 = ra'wt + ^(y,'-y,% 

l% = ra'wt + ^(:y:-y:), 

23 = 34 = etc. = ratot^ 
thns completing the load line — 9. 
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Ab before, from draw 01', 02', 03', 
04', . . , , perpendicular to radii ol sphere 
at C|, Cj, c„ (.-„ .... The horizontala 
through 1, 2, 3, , . . , cut these rays at 
1', 2', 3',.... The horizontal projec- 
tiona of 01', 1'3', 2'3', . . . (measured to 
scale of force) will be called i,, 6„ i„ . . . , 
and the lengths of arcs c/,, C|f„ . . , (to 
scale of distance), s,, s,, . . , , 

Then, precisely as in Arta, 85, 86, 87, 
thB meridional thrusts per unit of Aori- ' 
zontal circutnfere-nce at c„ c,, c„ c„ . . . , 
„ 01' 02' 03' 



The tension in a hoop, taking up all 
the horizontal thrust at c,, ia 23' pounds, 
at c„ 33' pounds, etc. ; finally, the crown 
stress per meridtan un%t on the vertical 
faces of voussoirs 






~^> — 'i — ^t ■ • • > respectirely. 

The greatest compressive crown atreas 
is that on vonssoir c/,. With .a greater 
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number of divisiona of are c„e„ this would 
increaae and will always be greater than 
the averagB on voussoir c^c„ which . 
23' -J- length of arc <?/,. 

For this uiuianal thickness and weight 

of lantei'u, all crowna below the level of 

c, are in tension. As the thickness and 

weiglit of lantern diminish, the cnrve 

01'3'3'4'... approaches in shape that 

shown in Fig. 24(b), giving often some 

crowns in compressiou helow the lantern 

load. But ihe eharavterishc of the curve 

0'1'2'3 . ■ . , hitherto unnoticed, is that 

I its slope at 3' is di*continuous. The 

[ crown streseee under the lantern are com- 

\ preBflive ; outside (below) the lantern 

I tiiey are tensile, though as W diminishes 

lihej' ultimately pass to compressive. In 

I any case, there is a sudden jump in the 

I Elope of the curve at 2'. This is in agree- 

it with the fact that in the analytical 

solution that follows, different formulas 

are obtained for the intensities of the 

crown stresses on either side of c,, how- 

CTer near the points are taken to c,. 
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The case is analogous to tne eaS^eii 
change in shear on passing an isolated 
loail on a heam. In the dome, the elliptic 
yielding under stress will modify the 
carve 01'2'3' . . . conaiderahly, and doobt- 
less make its slope continuone by altering 
the direction, amount, and points of 
application of the meridional and crown 
thrusts as regurds those assumed. 



OPEN" SPHERICAL 



WITHOUT A 



89. This case can be represented tj 
Fig. 24(tt), if W6 euppose the portion oS. 
the dome above t, removed. The point 
drops to 1 in the force diagram; con- 
8eq\)ently the radiating lines are noyr 
drawn from 0=1, and the subsequent 
constructions and conclusions are as be- 
fore. 
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THEORY OF THE OPEN SPHERICAL DOME. 

90. Analytical theory of the open spherical 
dome of constant small thickness t, supporting 
a cylindrical lantern of weight W. 

In Fig. 25, take the origin of coordinates at 
O, on AC at the level of Co, a? vertical, y hori- 
zontal. The coSrdinates of any point, as Cj, will 
be a; = ON, y = Ncs (marked y^ in the figure). 
The mean radius of the dome = r = CA and 
CN = h. Angle OCC3 = a (in circular measure, 
and s = arc Acs . *. s = ra', whence, on differ- 
entiating, 

ds ~ r' 

On constructing a differential triangle at Cs, it 
is seen that 

dx . y dy h 

-J- = sm. a = -^ ; -^= cos. a = — . 
ds r as r 

The weight on the voussoir at Cs, when Ca = 
(x, y) is below the lantern, is, 

W 



(/frwix 



n 



This is the vertical component of the meridional 

thrust at (x, y) ; hence (from force triangle 033') 

the latter is found, by multiplying this compo- 

r 
nent by cosec a = — , to be 

y 
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On dividing this by - — ~ = ipy, wo find the me- 

ridConai thrust M per unit of horizontal eirele, 
al {x, y) when (3;, y) is below the lantern, 

~ y' ^ Stt ff*' 
When (x, y) is directly under the lantern, adopt- 
ing the notation of Art. 88, — is replaco^l 

1 V 

— P'^i.U^ - y^'') = i^.f-O/'-y-'), giving 

where p = ^- — i =r. 

At cj (i = 0, y = yo5, M — 0; at Cj, both valnes 
of M are equal. "^ 

To find the intensity of the crown Btress at a 
point (x, y), say ci, below the lantern : from 
the force triangle 033', if we let 03, to scale, 

= i^rwlx H , and calling the 

thrust H= 33', wehn 



I 




= iiprwlx 
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Let the co5rdinates of Ca be (x -hJx, y + Ay), 
When X takes the increment Jic, y, «, and a take 
the increments Ay, As and A a, and H the incre- 
ment JH = 44— 33 '= Q for voussoir CzC^. 

XT Q ^H ^ ^ . 

Now —^ = -7- = average rate of increase of 

CsCi As 

H per unit of meridian length. 

As C4 approaches Cz indefinitely, i.e., as Ax, 
Ay, As, Aa, JH, approach zero indefinitely, this 
ratio approaches a limit, 

lim. --==- = lim. -7- = -5—, 
C8C4 As as 

which is defined to be the intensity of Q per 
meridian unit at the point {x, y). On differen- 
tiating the value of H above as to s, 

g = (^rt.^^4-5)(-cosec«aJ) 

Wr 



ip rwt-j-cot. a = {jyi-wt I ^ ~2 ) ~" 






On dividing this by — •= (p (Art. 73), we hr.ve 

the crown (hrust or pull per unit of meridian 
length at {x, y), when the point is below the 
lantern, 

When C is positive, it indicates compression; 
when negative, tension. 
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For a point (x, y) under the lantern, we have 

H = ^ \rwtx 4- ^(y*— yo')] cot. a, 

X, y, and a are the variables in the right mem- 
ber ; hence, differentiating as before, substi- 
tuting the values 

r da 1 dx y 
cosec a = — , -3- = — , -=— = -=^, 
y ds r da r 

dy h , Ih 

-4-=—y cot. a = — , 
as r y 

and dividing by ^, we have, for points (a?, y) 
under the lantern, 

c = wt(h-r^ f,) +py - |(y'- y.»)y,. 

The greatest compression in a crown is at c©, 
where a; = 0, y ^y^, ^ = CO. 

.-. C (at Co) = w'^ CO + ^ CO". 

T 

For points just above Ca and just below Cj, the 
values of x^ y, and h are practically identical^ 

but the two formulas for C differ by ^-i-. This 

r 

discontinuity in the value of C at the outer 

edge of the lantern agrees exactly with the 

corresponding result by the graphical method. 

Tf the values of C on either side of e% have dif- 
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ferent signs, **the joint of rupture" is at c^; 
otherwise, if both are positive, the joint of 
rupture is lower down where C changes sign. 
At the base Ct, x = CO, y = r, ^ = 0, 

Wl 

w^ . CO + oT" |» tension. 

For an open dome with no lantern, W = 0, 
p = 0, and the two formulas for M as well as 
the two for C become identical. 

For a closed dome with no lantern, W = 0, 
J9 = 0, and the point will now be moved to A, 
so that x = r — h. 

HG r ~~~ h r 

.•. M = wtr^ —3 = wtr^ -s — rs = wt 



yi '^'" r^^h^ r + h* 

C is zero at A = 0.618r, corresponding to a = 
51° 49'. Above this so-called * * joint of rupture " 
C is positive, indicating compression; below, 
negative, indicating tension. 

To find the hoop tension in a metal band 
encircling the dome at a height h above C, for 
the case of an open dome with a lantern, note 
that when {x, y) is below the lantern, the total 
horizontal thrust at {x, y) is 

"SL^yjfrwtx H jcot.a = (<Jfrwtx -i J — . 
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For a closed doiac with no lantern, W = 0, 
and taking the origin O at A, tlio maiimma 
hoop tensioD i» at the joint of rupture, where 
A = 0.ei8r, and is found to be T = O.Swlr^. 

The thrust M, in all tlie formulae abore, acta 
npDD a conical joint whose area m I x 1=: I 
square feet. Similarly C acts upon a vertie*! 
Joint ol area t. Hence, lo Jiad (he stream in 
poiinda per aquare fuot, we divide either M or 
Cbyi. 

On dividing the values of M and C for either 
a closed or an open -dome with no lantarn by t, 
the latter caneelE with the factor t of the tor- 
mulas; hence the remarkable fact, that for r 
constant, the unit meridional or crown stresses 
are the same, whatever tlie thickuess of the 
shell. 

Of coarse the elastic pelding of the dome 
modifies this materially, for the forces are rarely 
applied at the centre of the joints, and a certain 
departure from the centre in a thin dome will 
canse a much greater increase in the maxinitim 
unit stress at an edge than for a thick dome. 

For the closed dome, the meridional (com- 
pressive) unit stresses very near the summit and 
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at the base &re ^ur and uir respective! f ; the 

ru unit stresses at Biunmit and base are 
Jwr (compreasion) anil wr (teusion). The last 
two are maximum crown stresses of their kind ; 
uir is the maKiinum meridioual unit stress and , 
is experienced at the base, I 

The thickness ot very large domes should, be 
increased in going from the summit, to more 
Dearly equahze the unit stresses at summit and 
base; but it is well to count the extracost for 
domes of usual radius. Thus, when w — ISO 

, per ou. ft. for concrete) and r = 50 feet, 
the average stress at the bssc is onl; G3 lbs. per 

in. and at the summit half as much, pro- 
videil ( = 1 foot in this case. 

Then for a dome 1 ft, thick at summit and 
S ft, ftt base, tlie meridional streas at the base 
is the total weight of dom e divided by the area 
ot the base, which amounts to 39.6 lbs. per 

in. The streiis at the summit remains the 
lame, since the intrados and extrados are parol- 
1b1 there, and usual formulas apply. 

lie unit stress at base has been decreased in 
the ratio 53 to 39.S, but the volume has been 
iocreased in the ratio T72S to 6101, 

! WB further reduce the thickness at the 
summit to inches and retain tlie 3 feet thick- 
ss at base, the average stresses at si 
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the volTime has been iticreftsed over that for a; 
coDstant thickness of 6 inches, in tlie ratio &410 
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91. Let Fig, 3fi represent a meridian 
Bection of a conical dome open at top. 
Divide the altitnde cd into (eight) equal 
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parts, and pass horizontal planes through 
the points of division, giving the joints 
1, 2, . . . Midway between these joints 
iraw the horizontal radii of the centre 
line shown by the dotted lines. If we 
5all the horizontal thickness of the ring 
rib z= t^ the vertical distance between any 
two joints A, and the mean radius of the 
centre line between these joints r, we 
have for the volume of the voussoir in- 
cluded between the two joints and two 
meridian planes, making an angle ^ with 
each other, 

V = htrip, 

according to the law of Pappus. 

The weights of the successive voussoirs 
yary therefore as r. Therefore lay off on 
the vertical force line, ... 8 success- 
ive distances, proportional to the dotted 
radii, beginning with the first voussoir. 
The line ef cuts off one-fourth of these 
tadii counting from cd. 

Next draw the line 06' |! hg and pass 
horizontals through the points 1, 2, . . , 
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of the force line. If the reaoltantB on 
the joints are assumed to coincide with 
or be parallel to the centre liiie, the hy- 
pothenuses of the triangles just formed 
represent the stresses on the joints. 
Thus Ofj' is proportioual to the atreas OU 
joint 6, and 06' — 66' is proportional to 
force Q exerted by the sixth ring, from 
which the ring compression g = Q,-i-jf> 
can he found. Similarly for the other 
rings or crowns. 

In order that the centres of preaaure 
fall on the centre line all the way down 
to the base, it is necessary thut the drum 
on which the hose rests cau resist the 
total horizontal rsidial thrust at the base, 
as the rcsnltunt there must act parallel 
to bg and have a rertica! component equal 
to the weight of the lune solid considered. 

93. The least horizontal thrust, con- 
sistent with no joints opening, may be 
found as follows: 

Assume tho centres of gravity of the 
vouasoira to lie on the centre line midiray 
between the joints. Then combine the 
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it at joint G, uti' (aa found aimve), 
Bapposed to act at the exterior middle 
third limit, with the weight of vonsBoira 
below it ; if the resultant, 08', etrikes 
the base at the inner limit, tlie horizontal 
thrust, 66' = 8a', ia a niinininni in order 
that no joints open. lu the above figure 
it was found, on a second trial, th^t at 
joint 6-J the horizontal thrust firat became 
constant, so that the part of the dome be- 
low it exerted no circumferential thrust.* 
The part below joint OJ thus acts as a 
Bimple arch. If the drum givea slightly 
the true thrust ia doubtloaa found between 
the two limits. If the drum cannot resist 
the horizontal thrust proportional to 66', 
the resistauce line will approach the ex- 
tradoa just above joint 6 and the iutradoa 
at the base; at the same time the low- 
est "crown" spreads and meridian joints 
'Open at the base if it caunot resist tcn- 
.Bion. The horizontal radial thrust ia 

Eddjr-B " New Cuustiuctiooe lii Graph- 
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now loBS than 6G' and becomes less as the 
drnm gives still farther, until finally the 
resistance line nearly touches the contour 
lines and the lower part of the dome, 
acting as a series of isolated arches, falls, 
followed by the upper portion. 

The metal dome, or the one of con- 
crete, is investigated as in Art. 84. It 
is better, in both cases, that the lower 
ring should be strong enoogh to furnish 
all the tension ne-eded, so that the drum 
be subjected only to vertical forces. 

When the dome ia anrmounted by a 
lantern, the proportionate weight is laid 
off vertically above 0, Fig. 26, and the 
constrnction ia proceeded with as before. 

THEORY OP CONICAL DOME. 

98. Analytical Ihfory of ike conical doma 
with a lantern of wa ight W pounda. 

In. Fig. 27, let AB represent the centre line 
o( the luno solid, the part of the weight of lan- 
tern resting at A (the top of the domejheing' — , 

Extend BA to meet tlierertieal nxie MNof the 
dome at 0, which take for the origin, j: vertioal. 
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y horizontal. Tlie coordinates of A arc iCo, ya ; 
of P, a; = ON, y - XP. Ako let So = OA, 
8 = OP, and let tlie constant thickness of the 
shell at right angles to AB be t. All dimen- 
sions may be supposed in feet. 





When t is small, the weight of the lune solid 
AP will be nearly equal to its convex surface 
multiplied by ivty where w = weight of material 
per cubic foot. Hence weight of lune solid 

W 

AP + lantern load , is, 

n 



— «.y V 






w 



n 



Liet DEF represent the force trijiu^le for the 
point P, DE representing tlie l()a<l. 
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(If W 
^^ o- iy» — y o«o) H , DP = DE . sec. a, the 

meridional thrust, and FE = DE.tan. a, its 
horizontal component. 

It follows that on dividing DF by - = tpy, 

we have the meridional thmst at P {Xy y) per 
foot of horizontal circumference, 

^^ = \-^-^'-y^'^) + Yn\xy' 
The hoop tension at {x, y) is FE -j- ^, or 



T = 



wt , ^ W) V 



To find the intensity of the crown thrust at 
{Xy y), conceive x, y, and 8 to take the simulta- 
neous increments h^ k, and /. The total weight 
= DK at F' (x+hyy-\- k), is, 

DK = ^ j(y + k){8 4- Z) - yoso^ + ~. 

On developing and subtracting from this the 
value of DE above, we find, 

EK = FI = ^\ k{8-hl)-hyl\. 

The horizontal radial thrust Q acting on 
voussoir PP'=GI =FI.tan. a, since from the 
force polygon DFIGrD, we see that the voussoir 
is in equilibrium from the downward acting 
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meridional thrust DF at P, the weiglit of the 
voussoir = FI, the radial thrust Q = IG (act- 
ing to left), and GD, the meridional thrust at 
P' acting upwards. 

By Art. 73, the thrust around the crown in- 
cluding voussoir PP' is g = -y-, and dividing 

this hy 1= PP', we get the average side thrust 
per foot of meridian length, 

q Q wt (k. ,, ) , 

T = ^ = -2"JT^'+^>^2/|tan. a. 

As P' approaches P, this tends to a definite 
limit C, the intensity of the croivn pressure at 
P {x, y) per meridian unit. 



'Z ( S ) X X 



^'M y /.x . J y * y" 



C is always compression in tlie conical dome, 
and is the same whether the dome is with or 
without a lantern. 

The conical dome is admirably adapted to 
carrying a heavy lantern load, as is illustrated 
at St. Paul's, London. There, the conical dome 
carries the lantern; below and above it are 
spherical domes, the lower one of brick with an 
eye, the upper, of wood. 

From the equations for M, T, and C above, 
when W = 0, on dividing by t, we observe the 
same peculiarity as for the spherical dome, that 
the unit stresses are independent of t. 
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and Integral Calculus. With numerous ex- 
anioleH. Twenty-flrst Edition. Enlarged by 



■ A Tnailae un Roub and Brldses. With 

Numerous Kxcrclses. especially adapted tor 

school use. 12mo, cloth. Illustrated, net, Kt.LiQ 

MOYCOTT, G. W. M, Ci 

Diving. A handbook tor 

deep water diving and tne use oi compreasea 
air tor sinking caissons and cyllDderB and for 
driving subaqueous tunnels. lUvialttofta. %-^n, 
Olotb, 12S pp iiBt, *W*» 

■■ftf*?^ EDWARD M. Marine UnsVue "OeA*"" 

w lUuatrated. j2mo, cloth, 180 »» A-q.^^«»»- 



! NosruANc company's 



fiRASBB¥>a NaTBl Annmal for I9W. Bdlted br 

T. A, Braeaey; With numarouB full-psKe dla- 

Twent'y-thlrd year of publication. 8vo, cloth, 
llluatrated net. fS.OO 

BRIGHT, OHAJUiBS. Tkr LUe BtoiT •>( Sir 

CJiarles Tllaon Brigtit, Clyll BnKlneer, With 
which la Incorporated "The Story of the At- 
lantic Cable-' and "The FIrat Telegraph to In- 
dia and the Colonlea." Revised and Abridged 
Edition. IllUHtrated. Svo, cloth, 490 pp. 
net, f4JK> 

Brldali Staadnrd Srctlau.. Isned br tke En- 
Ktneerlng Standarda Committee, Supported by 
The Institution of Civil Engineers, The Instl- 
tution of Mechanical Englneera, The InBtitu- 
lloti of Nnval Architects, The Iron and Steel 
Inatltute', and The Inatltutlon of Electrical 
Engineers. ComprlBlns 9 plates of dla.Kra[iiB, 
with letter-presB and tablea. Oblons pam- 
phlet, _ 8 ?1 sl5 •! .<» 

BROWK, Sin RAIVBUKY, K.C.M.G. IrrlKatloni 
Its Principles and Practice aa a Branch of 
Enffineeplns. Svo, cloth, 801 pp. Illua., net. $5.00 

WH. K. ThE Arl of ElDamellliiK on 

Metal, With figures and llluetratlons. IZmo, 
ciolh, llluBtratea net, *t.00 

Handboolc uu JapannliiK and Bnamcinns, far 

Cycles, Bodateada, Tinware, etc. I2mO, cloth, 
lllustratea net, >1.60 

.^— Bonne Dei-ornttnK and Painting. With Kin- 

jneroua illustrations. 12mo, cloth, netH-OO 

illve Alt. WItb DealKBB 

imo, cloth net, «1.SD 

Principle and Piactlee of Dtp pin Kt Bumlab- 

ine, Lacquorins and Bronzlne Brass Ware. 
lEmo, cloth net. Vl.OO 

Workafaop Wrlnkl« for Decorator*, Palat- 

era, Paper-Hangers and Others. Svo, cloth. 
net fl.OO 

BBVOG, E. H., Prof. Pnre Food Teitai tke De- 
tection ol the Common Adulterants ot Poods 
by Simple Qualitative Teeta. A ready manual 
lor fliyslcfaiia. Health OfflGeta, Tooi Vow^aet- 
<"■», Chemistry Tea-chere, a-na t\\ es^w^aXVi 
•iptcfeated In the InapectioT. ot Fooft. "V^^?^ 



^'Clafli, IIlv! 



PUBI.TCAT10NS. 



' Manual o( LosaFltlUna 



Dni^jima. ur. new mmaaui di uit^nriuuiiB w 

Seven Places or Declmoln. Seventh Edition. 
8vo, half morocco fZ.OO 



lants, such as axlQ and machlnerr 
oils for lubrlcatinB aewing maohlnBa, 
r worltlng machinery, n-' ' ■-■' — ' 



EoUahes, leather v: 
lnd» of leather an 
the Sixth (eElarped 
Baiter. 8vo, cloth, I 



nd arrangement ot Tabor and wag 



the dUtleE 

^d the different Bystemi 

Bsatna. With engravings, amgrama, aim lo,- 
bles. Second Edition, revised and enlarged. 
Sto. cloth. Illustrated net, sa,00 

BtTHGHi N. P, Modrm Marine HDKlncctlnK, Ap- 
plied to Paddle and Screw Propulsion. Con- 
BiattnK of 3G colored plates. 2S3 practical 
■woodcut IlluHtratlonB and 403 pages of descrip- 
tive matter. The whole being an exposition 
O* the present practice of James Watt & Co.. 
" J, fi; G. liennle, R. Napier & Sons, and other 
celebrated drms. Thick quarto, half morocco. 

Vio.oo 

VTTKTi W. A. Key to tbr Solar CompaM, and 

Surveyor's Companion. Comprlalng all the 
mles neeeHaary for use in the (laid; also de- 
BorlDtion of the Linear Surveys and Public 
Land System ot the United States, Notes on 
the Barometer, Sunrgentlons tor an Outnt for 
& Survey ot Four Months, etc. Eighth Baitlon, 



Steel-conei 

. _- jres. FKth .^v,. ...>,.., .^i- 

enlarged. ICmo. cloth, lUustralea. CVi™. 2?^1 
- trana Science Serlea) V»-«»l 



CAMPIN, F. On ibe Conatrnetloo of Irnu Roofs. 

A Theoretlcttl nnd Practical TrEatlse, with 
woudcuts and plates of roota recently execu- 
ted. 8vo, cloth C2.00 

CARP&NTKR, PFof. R. C, and DtBDElRICHS, 
Prof. H. Internal Combustion Engines. "With 
figures and dlagratna. 8v<T, clotti, Illustrated. 
net. «4.00 

CARTBB, E. T. Motive Power and Gearing tor 
Blectrfcal Uachlnerj', A treatise on tlie Theory 
and Practice ot the Mechanical Equipment of 
Power Stallona for Electrical Supplj' and for 
Electric Traction. Second Edition, revised In 
part by G. Thorn as -Da vies. £vo, cloth, Illus- 
trated V5.00 

CATHCART. Win. I,.. Prof. Haehinc neaiSB. 



Fastening's. 






CHAFFEES, J. I. Oonne of Gn 



. J. I. Oonrse of Gnphle 

Applied to Mechanical Engrlneei^nar. 

8vo, cloth. Illua In Press. 

CAVHN, R. H., and LANDER, G. D. Byalematlc 

Inorganic Chemistry from the Standpoint of 
the Periodic Law. A teKt-boolc for advanced 
students. 374 PP.. Illustrated, 12 mo, cloth. 

nat, ta.00 

CHAMBERS' MATHF.MATICAI. TABLKS. con- 

BiHtlng of Logarithms of Numbers 1 to lOS.OOa, 
Trigonometrical. Nautical and other Tables. 

New Edition. 8vo, Cloth H.TB 

CHARN'OOK, O. F. 'Wockahlp Practlee. Sro, 
cloth. (Van Nostrand'a Westminster Serlea.) 

CHARPRNTIRR, P. Timber.. A Coiuprehnali-r 

Study o( Wood In all Its Aspects. Commercial 
and Botanical. Showing the Different Appli- 
cations and Uses of Timber in Various Trades, 
etc. Translated Into English. Svo. cloth, 

lUus net, W.OO 

CHATLBY, H. PrlBclpIca BQd DealKBi of Aent- 
planes. with E foldlDg plates. 12mo. cloth. Il- 
lustrated In Pfsbb 

C-HH.D, C. T. The Bow anfl Why of Bleetrleltf. 
A Book ol Information tor T\onABc\iTAii».l caad- 
era. (reatlna: of tt>e PrcpBrUea ol 'E.VmiX.x'i'A^.i . 
and how It Is Kcnera,tea. lnana\ea., ■yiM.i:o\'UA, 
measureij a.rTd set to wort. M^o Biv»-vwi«« 



r 



schntific FusLiCATtoNS. 13 

the operation of Glectrlcal Apparatus. Svo, 

cloth. Illustrated *l.oa 

GHRISTIB, W. W. Bollpr-nali^n. Seale, Corro- 
sion. Foaming. Bvo, cloth, llluatrated, net, tS.W 

— Chimney Dmlna and Theorr. A Book for 

EnglneerB and Archttocta, with numerouB half- 
tone llluBtra,tlona and platea of tamoua ehlm- 
neya. Second Edition, revised. 8»0. cloth, 13.00 

S^TDBCe DmMi Itn Prvdai^tlon by Mecbanlcal 

Methods, A Handy Reference Book, with Bg- 
urcB ana tahlea. Ifimo. cloth, llluBtrated. (Van 
NONtrand'B Science Series) fO SO 

CBDRCH'S LABORATORY GVTDGi a MaBtul at 

Practical Chemtatry for Collegea and SohooJa, 

Sieclally arranged for Agricultural Students, 
[ffhth Edition, reviasd and party rewrittm 
by Edward KInch, F.l.C. Bvo, cloth, llluBtrated. 

349 pp net K-ttc 

CLAPPBRTON, n. Practical Paper-mafelae. A 
Manual for Pflper-niakers and Owners and 
Managera of Paper MiHa, to which ia appended 
useful tables, calculations, flata, etc.. with il- 
lUHtratlonB reproduced from micro-photo- 

frapha. Second Edition, revised and enlarged, 
iro, cloth, Illustrated. 2JS pp net. Kt.50 

OtfAKK, O. H. Marine ana BnslneB, Tbelr f:an- 

Btructlon and ManaEonient In FresB. 

—D. K., C. E. A Manual of RoIh, Tabin 
and Data for Mechanical Engineers, Based on 
the most recent Investlgatlona. Illustrated 
■With numerous dlagTams, 1012 pages. Svo, 
cloth. Slith Edition )S.0O 

Ing of abridgmentB of Treollae on the Com- 
buHtlon of Coal. By □. W. Williams, and the 
Economy of Fuel, by T. S. Prideauj. With ex- 
tensive additions in recent practice In the 
Combustion and Economy of Fuel, Coal, Coke, 
wood, Peat, Petroleum, etc. Fourth Edition. 

' IXmo, cloth fl.BO 

•The MechanlrnI Bnelneer'a Pooket-book o( 
Tables, Formulae, Rul«9 and Data. A Handy 
Booh: of Reference tor Dally Use In Englneer- 
Insr Practice. 12ino. clolli. Sl^ith Edition. 

oarefully reslsed throughout aa.OQ 

M^ ■ .I 'J ViBuray; Tbeir Conatmctlon ■»& "^ otSOn*^ 
Bmbraclng a oomprelienBive ME\.OTrj o\ ^A* 
fyatfrn. with accounts ot t\\e vaiVoMf T^'S^JtS- 
tr»otion, a (description ol tUo ■va.x\*\.V«* o^ ^°" 



[ng stock, and ample details of Cost and 
"Working' EKpensBB. Second Edition, rewritten 
and greatly enlarged. With upwards ol 400 11- 

lUHtratlons. Thick 8vo. cloth VT-SO 

——J, M. New Sratem or I.arlnK Out Hollwar 
Turnouta inatantly, by InHpectlon from tables. 
12mo. cloth 11.00 

CLAUSEIN-THI^E:, -W. Tbe ABC tTntverul 

Goinnierclal Electric Telegraphic Code; spe- 
cially adapted tor the use of Financiers, Mer- 
_._._._ r,\.,. . Agents, etc. 



iti. 8vo. cloth . 



Fifth Bditlot 
The A 1 VulveTHol Commercial EJectrlc Tele- 

Sratihlc Code. Over 1340 pages and nearly 
J.ODO variations. 8vo. cloth ^.*7.Sa 

CLBEIMANN, T. H. The Raltrood £:BKlnoeT'ii 

Practice. Being a Short but Complete De- 
Borlptlon of the Dutlaa of the Young Engine — 



_r Ooverni 

U. S- Congress ana L.~omni]seionc 

era! Land Office, wltti complete 



New Ealtioo. Revised by 
les Belknap. bZ woodcut II- 
), cloth net. »3.B0 



CO LB. R. 9., M.A. 

Optica. Being ai 
Osttcs, BO far ai 

ISmo, cloth, 103 1 



oldlng plates, U.BO 



Illustrated. Svo. cloth. 610 pp. 

net, MMO 

CV»Z.I.lxs, J. E. The Frtvttte Boo* ot ^m*^ 
Alloys and Menjoranfla lor (5o\4BTO\.Vn.», *«2.*™ 
^ «ra, etc. 18mo. cloth -»-^» i 



SClWWriC PUBMCATIOWS. iS 



nd norlnB. Pamphlet. W.35 

* tiTeiiT Pooiiet alze ! fO.OD 

Arltbinellc, GnBlncrTa. Pocket Book con- 

talnlner tha foundation principles Involved In 
making- such calculattona as come Into the 
practical work of the - ■ 



OOMPTON, Prof. A. G. Enclne Lathra. 

tratod. Svo, cloth In 

COOPEin, W. R., M.A. Primary Batlerlcat 

Construction and Use. With numerous 1 
and diagrams. 8vo, cloth. IHustrated, net, 



. TbbuI Sblelda, nsd 

Air in Subaqueous 
aiagTama and fiBureH. 
net, fB.OO 



Lnd Quantitative, 



«OWB!LL, W. B. Pure Air, Oioae and n'ater. A 

Practical Treatise of their Utilization aii<l 
"-'--1 In Oil, Grease, 9oap. Paint, Glue and 






BuslDceTlnE, Amei\c«™ ***1^J^,, 



s. TAR nmvauant cour*trr's 



CROCKBR, F. B, aad jLR&NDT, M. BleetHe Mo- 
tors, Their Action, Control and Appllctttli-- 
IlIuBtrated. 8vo, cloth In Pre 

BBd WHEBLER, S. 6. The MauaKemi 



OROSS, C. P., SEVAN. E. J., and SINDAI.I., R. 

Wood Pulp and Its Applications. 8vo. clo .... 

(Van Nostrand's Westminster Series). In Press. 

CBOSSKEY, L. R. Elcmentarr PcmiiEOtlTei Ai- 

ranged to meet the requlremecta of Architects 
and DmuKbtamen, and oC Art Students pre- 

SariDK lor the elementary e.fa mi nation ol tbi 
clones and Art Deportment, South Keiir'~~ 
• — With numerous lull-page plates — •" 



d THAW, J. Adranccd 

Ing the Drawlns of Ob]< 

In Oblliiue Foaltlons, Shadows and Resections. 
Arrang-ed to meet the requirements ot Arohl 
tacts, Draughtsmen, and Students preparing 
for the Perspective E.-camlnatlon of the Educa- 
tion Department. With numerous lull-pag 
plates and diagrams. Svo. cloth, lUus, fX.D 

DAL.BY. B. A. Train Rnlea and DcapateUni 



\ DAVIBS, E. U. Hachlnt 



lEtalurermu 






:s. A Practical Treatise tor Mining B 
Brs, MetallurKlats and ManaKers of Min 

— rds of 400 lltustrr-' — - "— - 

vrltten and enlarg-. 

Preatlae an HetsW 

Sixth BiHt.\on. vti 
mlarsed by ma ' 



BlectPlp Poirer Bud Tractloi 



eluding a Table of Piston C ^ 

by W. H. Fowler. 12mo, cloth. 125 lllUBtra- 

tlons , S3. 00 

DBITK, Df. C. IHaHoal *>( SoapmaklDk, Indnd- 
inK medicated aoapB, Etain-removtnB soaps, 
metal pollslitug soaps, soap powders and de- 
lersentB. Wltb a treatise on perfumes for 
Boented soaps, and their production and tests 
for purity and atrangtli. Edited from the text 
" experts. Translated Irom the 



■With r. 

Translaiea irom toe irencn ana ravisea oy 

Arthur Morris. Svo, cloth net, f4.S0 

'. »«) 
DBHHV, G, A. Deep-l^el Hinn of (be Rand. 

--' -^-■- - • -a develapmsnt, considered from 



L. W. L. Bloek BlKoBl Opcratlua. 



LlKhtlnB 1>r nan and 

5s, dlasrama. engravlnga 
Svo, cloth. Illustrated. 



I folding nlates. Third 
nlarBBd. Svo, cloth, fi- 
ling plates fO.SO 

■Is of Resins. Bnlsains, 



Shy. TranElati-d from the German, by Chas. 
' blNOBK, H, C, LlFOt.. TT.9.N. Handbook tor the 



(^re and Operation of Nav&l 
- ■', iJJuatraled 



^faa[OX,n.^B. The Mac-hlnUt'a »»« *^^:S 



'11 CalcnlMTTT. 



of Useful Hules and Problema arithmetically 
Holved, together with General Information ap- 
pllcahlc to Shop-tools. Mlll-gearliiff, Pulleys 
and Shafts. St earn -bo 11 era and Engines. Em- 



DOBI.E, 'W. A. Panel FlBBt Coniitructlon on tb« 

PaciQc Coast .' In Press. 

DODD. Geo. DIctlniiBry of ManarnctnreB, Min- 
ing, Machinery, and the Industrial Arts, lixrio, 



With a second appendix 



PER, C. B. An ElementaFy Text-book of 

rht, Heat and Sound, with Numerous Ex- 
ples. Fourth Battlon. la.no, cloth, illua- 
ted tl.Oa 

leat and the PrlDclpIei of Thenao-dTnatn- 

Wlth many illuatratlonB and numerical 
LmplDS. 12lno. cloIU fl.BO 



A practical and Bclentilic handbook for Manu- 
facturers of Pood Products, BacterlolOKlstH. 
Chemists, and Students of Food Problem h. 
Also for Processors ' 



OUTBIE, A. I.. Decorative Olasi Froeessea. S8 

IllustrntionH, 8vo. cloth. 379 pp. IVan Ndb- 
trand's 'WeHtminatcr Series.) net, ta-OO 

DYSON, 8. 8. Practical Teatingr of Raw Mater- 
ials. A Concise Handbook for Manufacturers, 
Merchants, and Users of Chemluals. Oils. Fuels, 
Gas Residuals and By -Products, and Paper- 
maklns Materials, with Chapters on Water 
Analysis and the Testing of Trade Effluents. 
8to, cloth, illuatratlons. 177 pages, net, fS.OO 



ECCLES, R. G. 



hpS 



BOBKTCTIC PUBLICATIONS. 



Graphical SlaKu 

Graphical StaticL. , _ 

StresH In Qraphloal ^attca. 8vo, cloth, fl.SU 



Conqeatnted 



247 pp.. 
net. «a.SO 



BIBSLKH, M. Thq MrtallnrKy at Gold. A Fiac- 

Ucal Treatise on the Metallurgical Treatment 
or Gold-bearing Ores. Inclualiig the Prooessea 
of Concentration and Chlorlnation, and the As- 
saying, Melting ana Rellnlng of Gold. Fltth 
Edition, revised and sreatl>' enlarged. Over 
SOO illoBtratlona and numerous folding plates. 
Bvo. cloth IT. SO 

Th« Hydro- MptnllnrsT o' Copper. BelUB an 

Account of proceaiiea adopted in the Hydro- 
metallurgical Treatment of Cuprlterous Ores, 
including the Manufacture of Copper Vitriol. 
With ehaDtera on the aourpes o[ supply of 
Cosjier and the Roasting of Copper Ores. With 
numeroua diagrams and llguree. 8vd, cloth, 

Illustrated net, «4.50 

, fllte MetaUiugr oC Silver. A FnctlaBl 

Treatise on the Am ale am at I on, Roasting and 
Uxivlatlon of Sliver Ores, including the As- 
aayliiK. MeUlng and Redntng of Silver Bullion. 
rilUBtrated. Second Edition, enlarged. Bvo. 

cloth »4.00 

— ■The IHetallurgr of ArEFntlferoiu Lead. A 
■■■iirBCtlcal Treatise on the Smelting of Sllver- 
Iiead Ores and the Keilning of Lead Bullion. 
Including Reports on Various Bmelllng Estab- 
lUhments and Descriptions of Modern Smelt- 
ing Furnaces and Plants in Europe and Amer- 

.^a. Illustrated. 8vo, cloth fB.OO 

, . thr KitmetloD o( Gold 

• lOiid Its Proollf.Bl Application on the Witwat- 

-._- ^ ,-.,ij T7.i_Tj_ ... o„...i. Africa- Third 

II lustrations 
8vo, cloth fS.OO 



. Inc1u< 

■ and f< 

ft ""^acf 



Lves. Belas a i 



the ManutB-tttiiti 
Jun-COtton, N\WOe\^oet 
e Compounaa, tec\M^."= .4ri_, 



I MOSTKAXD COMPAKY's 



EKploslveB in Practical AppllceUon. 



Second Edition, enlarEed with 

Jlmo, clotti (S.OO 

GKIM, T. C. Water Pip* ind Senate DlkcbaTiEC 
Diagrams. f> large foldlns plates. Folio, cloth. 
M pp net, S3.00 

BUOT, C. W., and BTOHBR. F. H. A Campen- 
dlous Manual oC QualUn.t:.'- Clienilcal Analy- 
sis. KevlBBd with the co .i>^i-atlon ot the au- 
thors, by Prof. WHliani t;. .MrholB. Illastrated. 
Twentieth Edition, iiL--.vly ii..iseU by ProC. W. 
B. Lindsay. 12ino, clolli net, «1.25 

BLI.IOT, G. H., HaJ. llumpeaa I.lghl-hinii>e 
Systems. Being a Iti'iKirt ol a. Tour ot Inspec- 
tion made In 1873. .^l engravlnes and 21 
woodcuts, £vo, cloth fO.OO 

EiNGSTROM, D. A. Tables, Bevel Seac. A col- 
lection of Tables to enable anyone to figure 
bevel gears without the use of Trigonometry. 
Cloth tl.OO 

BNNIS, niH. It., Prof. (PoIrlEi^iiilc taslttnte 
Brooklyn). Linseed Oil and 0(ii.;r Seed Oils. 
An Industrial Manual, Sto, oloili, Illustrated:, 

net, 94,00 

Applied ThcnuodynnruJeB. Sto, elDtli« IDna- 

■raetlcal 

, paper- 
Wlth illustra- 



BRFimT, J. DyclDH; of Paper Fnlp. A Pnietlcal 

Treatise for the use of paper- in ak era. paper- 



tlons and lET patterns ot paper dyed t- 

pulp, wltli formulas for each. Translated Into 
BngilBh and efllted, with additions, by Jnllos 
Hubner, F.C.S. Svo, cloth. Illustrated, net, I7.B0 

BRSKINXl-MtTRRAY, JAMBS. A Baadbook at 
Wireless Telegraphy: Its Theory and Practice. 
For the use of Electrical Engineers, Students, 
and Operators. Second Edition, Revised and 
Enlarged. Svo, cloth. Illustrated net, fSJtO 

E3VANS, O. A. HacadamUed lUMdsi Tlielr Con- 

ISWING, A. J., Prof. Tlir Magnetic IndnclloB Id 

Iron and other metals. Third Edition, revised. 

199 Illustrations. Svo, cloth ^.00 

FAIRIE. J.. F.G.S. ISoteJi on Leod Otesi TbelF 

Distribution and Properties, l^mo, cloth. •1.00 

Xotrm on Pottery Clayki ttae 'DVirt.TWniMon, 

■Prajiertlea, Daes and Analva^B ~* """" "i— " 
China Clays and China Stem 



, Daes and AuB-IvsIb ot .^J"}^ ^'*^''' 



«od formulae. lEmo, clotti .*»..■« 



FANNirCG, J. T. A PiactlCBl Treallae on Hy- 

drauUc and Water-supply Engineering, Ke- 
latliig to die Hydrolag-y, Hyaro-dytiamlca aua 
Practical Construction, of Waler-workB In 
NortD Amerfea. 18Q lllua. Svo. cloth. Sis- 
teentii Edition, revised, enlarged, and new 
tables aod llluatrsclons a^ijea. 650 pp. fB.OO 

PaUTB, p. The Mood Id Hodcm Aatronam^. 
A Bunmiary of twenty years selenographic 
ivork and a study of recant problenis. Trann- 
Isted by Joseph McCabe, wltb an Introduction 
by J. E. Gore. S6 111 ustrnt Ions. Svo, cloth. 
160 pp net, 9aM0 

PAY. L W., Prof. (Falytcchnle Inat. BraoUyu). 
The Coal-tar Colors; Their Origin and Chem- 



cloth, lilust 

and GFlatlne; a Frafi- 



FBRNBACH, R. L. Glne and GFlatli 

tlcal Treatise on the Methods of 1 



B-ISH, J. C. L. LetteFbv of n'orklnv DnnrlDsn, 

Thirteen plates, wltb descriptive text. Oblong. 

SxlZU, boards »1.0« 

PISHER, H. K. C, and DARBY, W. C. Startenta' 

Guide to Submarine Cable Testlnsr. Third 
(new and enlarged) Edition, Svo, cloth, Illus- 
trated ia.BO 

W. C. The Polrntlamrtep and Its adjnncts. 

Svo, cloth n.iS 

B^SBKp B. A., Llent., U.S.N. GJIeetrlclty la The- 
ory and Practice; or. The Blements of Electri- 
cs! BnglneerlnB, Eighth Edition, Svo, cloth. 
, KI.M 

PI^nsOHHAICN, ■W. The Boub o( the Dnlry, A 
• UaDual of the Science and Practice ol Dairy 
Work. Tranalatefl from the German, by C, 
». Alkraan and R. Patrtg-k Wright. Svo, cloth 
t*.™ 

FLBHIKG, J. A., Prof. The Alternale-cucrent 
Tl^nsformer In Theory and Practice, Vol, 1.. 
The Induction of Elcotrle Currents; 611 pages. 
Kew Edition, illustrated, Svo, cloth. 90.00 
Vol. IL. The miJlzatlon of Induced Currents. 
HluBlrated. Svo, cloth fS.OU 

^— Centnaiy ot the Bleutrleal Current, 1TS9- 

ISBB. Svo, paper. Illustrated fO.BO 

lledrlc Lamps and Electrtc \,\Bb\VBK. %c- 
of fov- •-- ■ -' ■^- 



trated" 



RgreJ Institution, Apill-May. ■l.M\. »io, t\wC&^ 
tnlly /"-- — — --^ »» Ma 
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KotM and Forms, Ble- 

4to. cloth, illuatroted. 


—i 


T. 


ndbook (or 


."■s 


Slectrlcul Laborslor; 


'S 


RY, H. The C 

filtesimala. Tri 


fnsfatVd Yy^c""©. ^"^^u"' 



FOLEY, N» and PRAY, Thoa., Jr. 1' 

cal Bnelneera' He tare nee Book : 
and Boiler Construction, In two pi 
— General Engineering Data. Pa 
Construction. With 61 plates an_ -. 
Illustrations, apeclBlly drawn tor thlB wurti.. 
Folio, halt morocco. New Edition ...In Press. 

FOSTBR, H. A. Electrical HnKlnFeni' Poeket- 
iinnir With the Collaboration ot Eminent 
'■-■- A handbook of useful data for 
I and Electrical Engineers. With 

e tables, diagrams, and figures. 

New, Revised and Greatly Bnlarsed Edition 
size, leather, fully illustrated with extensive 
index and thumb Indec 163G pages H.OO 

J. a., Gen., U.S.A. Submarine Blniitlnc ■» 

Boston Harbor, Massachusetts. Hemovai of 
Tower ana Corwfn Rocks. IHuatratQd with 7 
plates. Ito, cloth »a.oo 

FOWI.B, F. F. The Frotectton of RsUroBda (mm 
Overhead Transmission Line CrosHlnge, SE II- 



— — The Solatlon of AltematlnK Current Prob- 
lems by Complex Imaginary Quantities. With 
numerous examples. Illustrated. 8to, oloth. 



..In i 



V 



POX, Wm., Hjid THOHAS, C. W,, 9L.E. A Pmetl- 

cat Course in Mechanical Drawing, Third Edi- 
tion, revised. 12mo, cloth, with plixtos. VI. 3S 
FRANCIS, J. B„ C.E:. Lon-dt Hydraulic Bxperl- 
menta. Being a selection from experiments on 
Hydraulic Motors on the Flow of Water over 
Weirs. In Open Canals of uniform rectangular 
section, and througk submerged Orlfloes and 
diverging Tubes, Mnde at Lowell, Mass. 
Pltth Edition, revlaed and enlarged, with 
many new e.\perimente, and illusfrated with 
ler-plate engravings. 4to, cloth, flS.OO 
FVM.I.Ea, O. W. Beport do Oi* \nviKlVmUau 



into the Purlltcation at \.\ir 
^jLculfivllle. Kentucky, mafle i 



EClSHTiriC PUBUCATI0N9. 



and Directors of the L.oui»vIlle Water Com- 
pany. Fubllsheil under agreement with the 
"' " (ull-ipaga plates. 4to. cloth. 



StDdrnta' Mac 



GANT, L. W. Klementa »( Blertrlr Traction, lor 

Motarmcn and Others. Evo. cloth. IllUHtrated. 

Z17 pp., London. 1907 net. (3.60 

GARCKE, E., and FKLLS, J. !U. Fnclarr Ac- 
counts: tholr prlnolples anfl prHcticp. A hand- 
bDoh (or accounlante nnd inanufacturers. with 

appendlCen on Ihn rnm«nplHliirp nf mnr.hinfl 

details, tl 
Insurance, — .. 
etc., fncludlne' alsc 



erins Coal Mines alter Eiploslona and Fire 
4 fDldlng plates. J2ino, leather. 71 — 



, tijm 



id- 8vo. oloth »1.35 

fZBBBABD, Wm. P. Snattntlon, Wsler-iiupDlr 
■BJia Sewase Disposal of Country Houses. 
Ijjno, cl«th. Illustrated, 348 pages.. net. a2.00 
"^"■RDI, C. W. H. Electrieily Heten; Their 



. and ManaBemE-.. .. - 

Manual tor Central Station Engineers. Dlstrl- 
ibaUon Bngineere, and Students. With tables 
atitl 21G fleures and diagrams. Bvo, cloth, II- 

lUS. net. f4.00 

^^BCBWIKD. L.^ MnnnfBotnre o'fAlnr 



. ^ates, and other Salts otAIui 



■•BBjloatiotis in the Arts. Manufactures, SanI 
tary Bneineerine, Agriculture and Hortlcul 

, !.__ ™ .„..., from the ■Fieinita ■^1 C!v»--^\' 

_bles, ~ -* "-— — 

Svo, cloth, flluatrated 
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GIBBS, W. m. LlKMtBR br Ai^ftylene, General- 

orfl, Burners and Electric FurnaoeB, With , 
IS lllustrationH. Second Edition, revlsad. 12niu, 
cloth «1.50 

Phjalea of Snlldii and Plnlda. tCuusle 

Technical School-a Tpxt Books.) In Preas. 

GIBSON, A. H. HydraullcH and Ito AppUoaHon. 

310 Illustrations. 8vo, cloth. 757 pp.. net, »B.o« 

— Wntcr Hnrnmcr In Hydraallc I'Ipe I'lneia. II- 

luatrated. I2nio. cloth, 65 pp net, (2.00 

GILLHOKB, 4. A.t Geo. TmtUe or LIdivji, Hy- 

drftulir Cements and Mortars. Paperx on Prac- 
tleal Engineering-, United States Knglneer De- 

OUB BKPo'rlment's condui^ted In New Tork City 
during the years ISSS tO 1S6I. IncluBlvp. With 
numerous illustrations. 8vo, cloth M.W 

KoadB, Streets and Pavements. Tenth Edi- 
tion. With 10 Illustrations. l!mo. cloth, VS.OO 

GDtiUIHG. H. A. The Tlie<a-Plil Dlasmni. Pra<- 

tlcally Applied VD Steam. Gas, Oil and Air Eii- 
Rlnes. Second Edition, rovlsed and onlarBed. 

ISmo, rloth. Illustrated net, «1.SB 

GOODCHILD, W. Prcdoua Stonea. With a 
Chapter on Artifleial StoBes, by Robert Dylces. 
309 pp., Svo, cloth )a,00 

•neine, vviiii a wippiemont on GaH-englnes. 
TweUth Edition, enlarged. 143 illustrations. 
I!lno, cloth t2,W> 

GOniS. r... P.B.S. The Art o( E:leclr»lyllc Sep- 
aration of Metals, etc, (Theoretical and Prac- 
tical,) Illustrated. Evo. cloth fS.BO 

COUI.D. E;. N. The Arithmetic of the Stenai- 

engine. Svo, cloth ai.OO 

leal HrdmatatlcH and Hydroslatie For- 

Wlth numarous flgures and dlagrajna. 



(Van Nostrand'B Science Serle.-,) IBmo, cloth, 

lllustrsted, 114 pp «e.Be 

GRANT. J. Brewing and DlatllllUK. Svo, dotk. 

{Van .Voa( rand's WeatmltiBler Setlcs.) .m Presa. 

SfKAr, J., B.Sc, G|pctTten\ Inffluence Tfc 

Their Hlntorlcal peve\opme-nl. Mi4 



scnrotiFic poBt,rcATioNs. 



BElVWaOD, E. . .- 

jid Coinmercla[ Books. Subject Llat ol Prln- 
Ipal British and American Worka In print 
fvo, cloth net, W-M 

res, or the 

ical Handb--- _-. 
aoturtr, and Studei 

ilal HetaUiusr- a nauaal tor Students 

:)entlatE. Evo, cloth, Illustrated. 208 pp. 
net, t3,3U 

JOaa, E. Hop*. In tbeli BolanluBl, Asricollur' 

"I and Technical Aspect, and aa an article ot 

^bmmerce. Translated iFOm the German by 

harlsa Salter. With tables, diagrams, ana 

'-— Tatlons. Svo, cloth; Illustrated, net. tt.M 

OSSMAN. J. AniDOnlli. nnd Its Coinpuands. 

"i tBbloe and figures. l2mo. cloth, lllus- 

id net. »1.28 

OTB, i.. A. W>IdlnB and Cuttlag Metals br 

Ltd ot Oases or Electricity. 121 lUuatratloni. 
'^TO, Cloth, 280 pp net, »3.IW 

DVBR, F. PractlcBl Trentlne on Mndrrn Gaa 

Bd oil Bneinee. Sve. cloth. Illustrated. 



DKEiB, A. PDH-Fr-Ionm ncnvlns and Yara ' 
JumberlnK. acconllng to various syatems, with 
BDVersion tables. An auKlllary and text-book 
or pBplIs ol weaving schools, as well as for 
•U-lnBtructlon, and for groncral use by those 
nnsed In the weaving Intiusiry. Illustrated 
rlUl citlared diagrams. 8yo. cloth, net, n.M 
in (VOX) Hiao, The DeslsD and Ton- 

__. Ion ol Internal Combustion Engines. 

translated and revised tty Prof. H. Dleder- 
■ and F. E. JunRe. Svo, cloth, SOO pp. II- 



a., Prot. lateEratlna by Trlsoi 

atrlc and ImaglijF— "■■' — '•■■••-- t..—^ 



For the uae 
New Edition, i 
•7.M 



GUY, A. E. ElIpeElincDta od thr Plexnrc a( 

Beams, resulting In the Dlaeovery of New 
Lawa of Failure by Bucklltigr. Reprinted from 
the "American Machlniat." With dlaKrams 
and foldine plates, 8vo, cloth, illustrated, 132 



OD (he Stesiii- 

■B to small anil 

TransTated fi — - 

hie additions and alterations, by H. H. P. 

PowLea. Third EnKlish Edition, " —' °-- 

cloth. llluatraiei], l5B pages ^ vo.uu 

HAINBACH, II. fotterr Decoration. A dnerlp- 

tion of all prooessf's (or decorating pottery and 

. porcelain. TrHnslated hy C, Slater. 22 llliis- 

trationa. ISino. cloth net, fSMI 

HALE. Pnif. W. J. IValv. of Hlek.) OHleulatlona 

of General Chemlatry. with DellnitlonB, Bn- 
planatlona. and Problems. 174 pp. 12mo. cloth. 
net, W.00 



and Inteeral 



Problems and Practical Applications, Com- 
prlaingr an Svo Toluene of 78 pages ot lest and 
a 4to atlas of 31 plates. 2 vols., cloth, net, •S.se 

HALLBR, G. F., and CVNNINOHAH, B. T. Tke 



Thr Uae or the Slide Role. With IllBBtratlOBI 

and folding platea. Fourth Edition, revised 
and enlarged. 16nio, boards. (Van NoBtrand'a 

Science Series. "No. lU) fO.M 

Tbe LoeomotiveUiiteMot\oa,'wWVliVM(n«a ' 

mad Tables. 6vo. c\ot.h. VUviawa-Vai -V.,« 




_tinent of dlae( 
.jond Edition. 
igrapMc plate a. 

:OOCK, H. Tes 



f the uTtra-Violet UghL 
" engravings and pno; 



o( Graphic 

8vo, cloth, 
..net. ai.KO 



of wood dlBtilUnBi Including a de- 

crlptlon or the nppsratua used and the prln- 
iples Involved, also methods o( chemical con- 
roi and disposal d( the products. With 74 
BXTRVlPSB. lUustcated, IBT pp., 4lo, cloth. 



The Mecbanlcii' Tool-bnok. 

63 and SuggeBtlonB for use 
-workers and others. With 
3mo, cloth fl'.SO 



engraving: 

Lead WorlT f or~ FtooS 



tprnol PlnmblnK Work. 



With num- 

. cloth. i1- , 

- - «3.00 I 

Containrng 18* j 

cloth, lllustratad. I 
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HATT, J, A. II. T' p CnlarlM. nmlKued to Mf- 

rect tha commonly held theory that red, yel- 
low and blue are tlie primary eolora. and to- 
supply the much-needed eaay method of deter- 
mlnlnt; color harmony; together with a system 
of color nomenclature and other uracttcal In- 
formation tor artiste and workers or deaiKnera 
In colors. 2 color plates. 95 pp.. square IZmo, 
cloth net, |1.B0 

BACSBKAND, E:. DrylDK by Mcanii of Air and 

Steam. With e:tnla3iatlons, formulas, and ta- 

t.!„. , — i_ -— aetlce. Translated from the 

Wright. M.A. 12ino, cloth. 



"£" 



CandenslBv and Caallns Apna- 

.1 Ti- 1,. a^Q^ Tables tor 



: Bxplanatli 
With numerous figures, table a "and tfiaeral 



in Practice. Translated ,.-- _ 

Edition by A. C. WrlKht, M..* 



d. 400 p 
HADBNER, A. HsnnrsftnTe at Freavrred FoiHla 

and Sweetmeats. A Handbook of all the Pro- 
cesseB tor the Preservation of Flesh, Fruit, 
and Vegetables, and for the Preparation of 
Dried Fruit. Dried Vegetables, Marmalades, 
Fruit-syrups, and Fermented Beverages, and 
of all kinds of Candles, Candied Fruit, Sweet- 
meats, liocks. Drops, Dragees, Pralines, etc. 
Translated from thts Third Enlarged German. 
Edition, by Arthur Morris and Herbert Roh- 
Bon. B.Sc. Svo, cloth, Illustrated net >8.0I> 

HAWKE:, W. H. Tbp Firmler Cipher Tel«n»h'- 
le Code, containlnB 100,000 Words and Phrases. 
The most complete and most useful general 
code yet pubHshcd. 4to, cloth CS.OO 

—1(10,000 VVordu Supplemuit to the PreiBiFr 
Code. All the words are selected from the o(- 
flcEal vocabulary. OblonK yuarto, cloth, 45.00 

UAWKBSWORTE, J. Grapblcal Handbook for 
Reinforced Concrete Design. A series of plates. 
showing graphically, by means of plotted 
curves, the required design for slabs, beams, 
and columns under various conditions ol ex- 
ternal loading, together with practical exam- 
ples showing the method of using each plate. 
■tto, cloth net, VS. DO 

HAY. A. AltrrnatinB Cnrrenia; Tbeir Theon, 

Generation, and Trauatormatlon. Bvo. cloth, 

Illustrated net. KE.W 

Principles ol VUnnitte-cuTT 

12mo. cloth. Illustrated 



An Inlrodnctciry Caurae of ContlnuoUB Car- 
rent Engineering. With 183 flBUreH and dla- 
erra.ms. Illu at rated. 317 pp. Svo. cloth. 
net. «a.M 

at the Present Day. Keporc of the Paris ISlet- 
trtcal Kxposlilon of IS SI. iSO llluHtrotlonfi. 
8vo, clotli - <a.W 

itlBAVISIDE:, O. micetromneiietle Theory. Svo, 
cloth, two volumea each, «B.UO 
BBCK, R. C. H. Stnm-BaKlne and Otber Slcam 
Motors. A text-book for engineering col- 
leges and a treatlae for engineers. Vol I. 
The T h ermo ay n arnica and the MechanlcB of the 
"Sneine. With nuraeroua figures, diHgrama, 
-Lnd tables, gvo, cloth, illustrated, net. «3.60 
Vol. II. Form. Construction, and Working of 
the Engine; Tlie Steam Turbine. Svo. croth, 

, IIluBtrnted net, fS.OO 

- —Abridged edldou of above volumea (EHemen- 

I tary). "Bvo, cloth In Press. 

_,JRGHS, K. nodpru Llebtliuc Conductor!. An 

rilluBtrated Supplement to the Report of the 

L .UfCbtnlnS' Research Committee at 1»B&, with 

«atea as to Methods oC Protection and Speci- 
cationa. With flgures, half-tones, and fold- 
k Ing tables. Svo. cloth, lUuatrated, net, tS-OO 
-, _ WMANJf, P. Drera' Mitterlitla. An Introduc- 
f Uon to the EKamlnation, Valuation, and Ap- 
r plication of the moat important aubstancea 
I u«ed In Dyeing, Printing, Bleaching and Fln- 
( Isblng. Translated by A^rthur C. Wright, M.A. 

' '-— - cloth. Illustrated net. •3,00 

-DBKRICt, O. Skeleton Stmcturea. Applied ta 
f the Building of Steel and Iron Bridges. Bvo. 

f cloth. Illustrated fl.no 

toRMABTN, F. Pnlntlns od Glsan anil Porcelala 

uS Enamel painting. On the baals of Per- 
.»onal Practical Experience of the Condition 
Cof the Art up to date. Translated by Charlea 
FMller. Second gAally enlarged edition. Svo. 
\^ aofh. Illustrated net, vs.ao 

"-JRMAnN, O. The Graphical atatlcn of 
ncha-nlsm. A Oulde far the Use of Machln- 

jiMi Archltecta and Engineers; and also a 

T««t-boolc for Technical Schools. Translated 
' «Dd annotated by A. P. Srolth, M.E, ■ffo'iti.V 

Soitlon. I2nio. cloth. T foiaing ■pYa.^ea, W. .W» 

™-_- *»< J., Dr. The TechnlcaY TeatViiK »»■ 

Tarna and Textile Fabrics, with Tetetetvtiei W 
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al s pee ifl est ions. Translated bi 

Halter. With 69 llluBtrationa. Bvo, 

AlLDBBRA^NDT, A. AlnhlpB, V»*t maa 1 

Toeectier with. cha.ptcrB on the uea of I 
In connection with meteorology, phott 
and the carrier ple'oon. Translated b> 
Story. With 22 llg:urea, dtagrama ai 
tones. IlluBtraterl. SBi pp., Svo. oloth. 



HOBBS, n'. It. F. The ArilluiieUi 



with numerous enample 
" -d Worma 



A hand-book for the maJter. 
r of paIi|tB and varnishes. Con 
) recipes. °'— "'-•*■ -~ 



liean Railway praetiee In rt 
ieneratlon at Steam. !nolu«1 
and Construction ot Coal-I 
ombustlon, the Varlabla BIh 

, CiTCUlatloTi, Sttpat'nca.ttnK, ' 

ing- ana Heating Veed "WaXeT. b^b., 1 
Adaptation ot Wood, afid CoVia-toiio 
S-lnes to Coal-ljuriiVTiB', ar.d\nTBTft.M 



saBNirnc ptbucatiohb. S 

JjtncludlnK Hoad-bed, Sleecers, Ratta, Joint Foa- 
CtSDlngB, Street Railways, etc. With 77 lltho- 

r^raplioa platea. FoHo, cloth ..(12.00 

I, A. B. Tbe Rlcctrld Llglit Papnlarlr 
ned. Fltlh Edition. Illustrated. IZino, 
fu.« 



'Mft Of Engine u.nd Boiler Making, with a chap- 
:er on Elementary Ship DealKii and ConBtruo- 

iOti. IZmo, cloth fl,3S 

tlUVBR, J. BnglBpem' TninluK, In Principle 
Ind Practice, A Handbook for Working: Bn- 
rineerB, Technical Students, and Amateurs. 
Slth *S8 Ogures and diagrams. Svo. cloth, 

tlostratod net, »a.na 

iVO&TON, C. E. Tbr Blrmmla of MecluinlcB 
C Uaterlals. A text for students in ensineer- 
- - Illustrated. IB* pp., 12mo, cloth. 




rt or Bpnalrlns and HlvutlDX 

_ J Earlhpnware. Second Edl- 

Svo, pamphlet, illustrated ...net, CO. SO 



lethofls of Working Dp Wood Refuse, espe- 
'ally Sawdust. Exhausted Dye Woods and Tan 
I Fuel, as a Source of^ChsffllESl Prod""- — 



,B a Source of Chmnical 
Wood ConFp^ altToriB, 



Franalated tror 

ItfVttea and enlarg-eQ edition, avo, cioin. ii- 

^trated, 132 pages net, «3.S0 

. A Handy Bnok tor tbe Oal- 

nilBtlon ot Slralns In Glrrters. and Similar 
~- -lures. and_^their Strength: conaisttng ot 
ulae and Corresponding- DlagramB, with 
rouB details for practlual application, etc. 

.h Edition. 12mo, clolh $2. so 

> IniiHfale). Lcc- 
Buslness Features 
■0, cloth, with aup- 

^JS*r. G. H.. F.r.S. Color, A Hand\it»iV. nt 
^Theory ot Color. A practical -wotU Iot Wa 
rpgc. Art Student. Painter, Dyer atvi Cb-Wcq 
rjater, and Others. lUuBWatcd w\th ^-^ c<i^- 
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ored platoB ana 12 UluBtratlone. 8vo 

Dlctlonarr of CbemlcalB Bud Raw P 

Uaed in the Manufacture of Faints, 
Varnishes and Allied Preparations. Svt 

LnbrlcBtlnic Oils. Fata and GTeuea 

Origin. Preparation, Propertiea, Us< 
Analysis. 313 pases, with B5 lllust 

Svo, cloth nel 

SoBlia. A Fnctleal MBnanl of tbe Mi 

ture of Domestic, Toilet and other Soa 
lustrated wlt:h 6e engravings. Svo, 

^ — Tci^tllE Soapa ond Ollai A Handbook 

Preparation. Properties, and Analyala 
Soaps ana Oils Used in Textile Manutai 
Dyeing and Printing. With tables oni 

aUTCHINSOXj. R. W., Jr. Loos DlatBBC 

trio Power Transmission; being a. Tres 
the Hydro -electric Generation o( Bnei 
Transformation, Tranaraiaaion. and D: 
tion. 12mo, cloth. lllUB., 34S pp. ,...no 

and IHLSEIIUG, M. C. EJIectrldtr tB 1 

being a Theoretical and Practical Traa 
the Construction, Operation, and Main' 
of Electrical Mining Maohlnery. I2mo 
Illustrated Ir 



of Ther 



D Mb Ice 



BrTTO\, vr. S. Steam-boiler CouatEaet 

practical Handbook for Bnglneera. 
mokers nnd Steam-users. Containing- 
collection ot rules and data relating to 
praotlce In tha deaign. construction and 
Ing- of all kinds of stationary, locomot 
marine Btearo-hollera. With upwajda 
illuHtratlons. Fourth Edition, carofu 
vised and much eniarged. Svo, cloth ,. 

Praetient Bnglnerr'a Ilandboak, pom 

a Treatise on Modern Engines and ! 
Marine, Ijooomotlve and Stationarj". 
Bdilion. carefully revised, with addition 
upirards of 5T>) IHustrstionE. Bvo, Clgtl 

^— The Works* ManBfcn'a .._ 

1 Kulea, Tables ana Data tov -. . 

lal Engineers, MlU-wrighi-H at>a B«J 
". etc etc With up-wariia ot \V! 



c nnucAxuBfB. 

refully revlHed, W 

M. 

mCLB, H. Manual ol AKrlcnltnrnl CbcmlBt 
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Secona Battlon, lEmo, cloth . 
Glally adapted Cor 






Blon-lns Gnslnen. Sne- 

lueers- With 285 flg- 



net, 9S.0O 

-B— CentrUDKBl Pninpa, Turblnca Hua n'^otei 
•Hotors. Including; the Theory and Practice 
,01 Hydraulleaf Fourth and enlarged edition. 
42mo, cloth net, s::.Oo 



Ucal and useful manner (or Engineers. With 
tllustratlons. Two volumes fn one. 8vo, 

eioth ts.Bo 

ISON, A., C.a. A Test-book on Sleain and 

l-englneB. Including Turblnea and Boll- 
Speclally arranged Tor the use o( En- 



alneera' qualifying for the Inatltutlon of Civil 
Biteineera, the Diplomas and Degrees oC 
Teohnictt! ColleBes and Unlveraltlea, Advanced 
'Science Certlflcstea of British and Colonial 
BoB.r^ of Education, and Honors Certlfloatea 
or the City and Guilds of London I -"■ ■' 



BechaDicai Engineering, and Bnglnee 
erally..FirteBntTi f""-- - ' "'- 



(rally. Firteenth Edition, revised. Illustrated. 



— CneneBtarr Mnnnal ob Strain and the 
Steam- en B'ine. Bpeclally arranged tor the use 
of First-year Science and Art, City and Guilds 

>0( Iiondon Institute, and other Eilementary 

tBBfftneering Students. Tenth Eijltlon, revised. 
•■^o, cloth (1.00 

UHBTTAZ. E. a Guide t» the Detenuination 
Of Books: being an Introduction to Llthology. 
Translated from the French by G. W. Plynip- 
ton, Profeaaor of Physical Science at Broofc- 
Ijrn Polytechnic Institute. IZmo, cloth, fll.SO 

F„ Mem. A.l.B.B 

SOaea. A Practical Handbook, gi~ving a com- 
plete description of the art oE maV.VnK c&.t- 
OOIM electros, etc. The various es-a ^'^SJ*' 



[ 



B dla.grarnB, tB.bIes. and folding' plate 
Bvo. cloth. Illustrated net. 9*A 

JKNNINGS, A. S. CommerptBl Falntii snd PBlBI 
Ing. 8vo, cloth. (Van Nostrand's WeHtminBtt 
Series.) In Prea 

JBiriillSOIV, F. H. Tbe MaDnrnctan of Lai 
Pigraents from Artificial Colors. A usefi 
handbook for color manufacturors, dyers, co 
or chemlata, paint manufnctorers, drysaltor 
wallpaper -makers, enamel and 9urface-pap< 
malcers. "Wltli 15 plates inustratlne the var 
oua methods and errors that arise In the dll 
ferent proceBses of production. Svo, clot} 

V ""*• •'■' 

JEPSON, G. Cams, and the Princtplea of fke) 
Gonatructton. With flgures, halt-tones, (ul: 
page and foldlne plates. Svo, clotb, 111m 
trated net, 91. ( 

Mecbnnlcal Dranlns. Illuafrated. Sv 

Cloth In Prea 

JOOKIfl, ^Vm- Aiitlunetlo o( the Gold and SI 

versmith. Prepared for the use of Jeweler 
Foun<3ers, Merchants, etc., e a peel ally for thol 
en eased In the conversion and alloylna c 
gain or other metais. the mlxInB- of varloi: 
E Ufa stances, etc With numerous example 

12mo, clotb, SO pp •!.< 

JOHNSON', O. L. PhotOKropUe Oittlcs anil Colt 
Photoeraphy. Indudlns the camera, klnemal 
og'raph, optical lantern, and the theory an 
practice of Image formation. IS4 Illustration 
314 pp., Svo, cloth net, VS,< 

W. H. The CnltlT«tlaD and PrejMinitliiB t 

Para Rubber. Second Edition, re-wrltten an 
enlarged. 32 Illustrations. 188 pp. 8td, clotl 

net. •&■ 

W. McA. Tbe MrtnllurKT of Nickel. In Pres 

JOHNSTON. J. F. ^V., Prof, and CAHBKON, 81 
Chas. Eilements of AKflcultural ChemlBtr 
and Geology. Seventeenth Edition, lami 
cloth f2.« 

JOLY. J. Radioactivity and Geslocy. Ab «i 

count of the Influence of radioactive enerKr o 
terrestrial htsCor'y. 8 fl lustration a. 290 pi 
i2mo, cloth .la Pfm 



JOIVKS. B. C. Blectrlcal Matn* 

Jiadloactlvlty. 12ioo, cloOi.. 



scmrrmc pdbucattosb. 



cloth , 



I Paini 






lOYHSbN, P. B. DeBlsnlnK and Conatrnetlon at 

\- SfechlDe QearlnE'. lUuatrated. Svo, cloth. fS.OO 

UlPTNEB, B. F. V. StderoloKy: The Sclentf ol 

'^-- (The Constitutton of Iron Alloys and 

Translated from the German. Svo. 

SIS pases. Illustrated net. fX .OU 

iA.a CITY bridge:, TBE:. WItb on Ac~ 

t of the Regimen of the Missouri River 
. a, Daecrlptlon of the Methods used for 
_0tdlaE in that River, by O. Ghanuce, Chief 
Kinear. and George Morison. Asalatant En- 
ver. illustrated with 6 litliosraiihlc views 
fit plates or plana. 4to, clotTi M.oe 

Eh, C.H. Hlecirte Trnnanilwiton of Bn- 
tu-ey and Ita Tranatorp-atlon, Subdivision and 
tDlBtrlbutlon, A practical handbook. Fourth 
[SdiUon, revlaed. 12mD. cloth C3.00 

, Mot on. Allernatovs and Rolarr 

Translated from the third Oer- 
I, by Harold H. Simmons, A.M.I.B.B. 

1 diftErama and flgTires. Svo. 

ovt pv.goB ...-- ..........94.00 

A. V/. PnrentlDn of DampneiB In BnUd- 

With Bemarlts on the Causes, Nature 

Effects of Saline Efflorescences and Dry 

For Architects, Build era, Overseers. 

erera. Painters and House Owners. Trana- 

from the second revised German edition. 

nth colored plates and diagrams. Svo. cloth, 
"Mtrated, 115 pages net. K.oo 

., Prof. Malkematlca for BngiDeFr- 

t Students (Carneg-Ie Schoola Textbook Se- 
B. 12mo, halt leather, lUuatrated). Algebra 
!■ Trigonometry, with a chapter on Vectora. 

PP net. «1.76 

ettl AJgebra Edition. Ill pp net, »1.00 

-one and Solid Geometry, SIZ pp net, W.2K 

[sajytlcal Gaonfetry anA Calculus, 3B9 pp. 
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irwnt DysamDB 



JMotorB, and their Controlt bnlnK _ _ 

r*rtlcle3 reprinted from The ?tao«c,B,\ "a-a- 
■^-'~ -tnd completed by ^7. E- KeXse-j.-WVOS. 
9 and dlaerama. "-- -'— '- >""-- 
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KRMBI.E, W. T„ and TJ|ifDEltmi.l., C. B. Tl 

Periodic Law and the Hydrog-en Spectrun 
With folding dlitgrams. Illustrated. IS pp 
Svo, pamphlet net. S.JI 

KBMF, J. F., A.B., EMI. (Colnmbla ITnlv,). . 
Handbook of Rocks, For the use without th 
nilcrosi^apc. Wltli a sloaaary of the hartiea o 
rocks and of other lilholoRicftl Iprms. Fourt 
Edition, revised. Svo. cloth, illustrated. Cl.B 

KENNEDY, B. Hodtrn BnglBea ana Power Gen 
erators. A Practical Worit on Prime Mover 
and the Transmission of Power: Steam. Bled 
trie. Water, and Hot-air. With tables, ng 
urea, and fuH-page enEravlnga. 6 vola. 8vi 

cloth. Illustrated BIK.B 

Single volumes, each fS.B 

KlectrlcBl Iniit nlladoDii of EIrctric UgM 

Power, Traction, and Industrial Hlerriricl 
Machinery. With numerous diagrams ani 
engravings 

Vol. I. The Eleetrlcal Clrcalt, Mvasan 
ment. Elementa of Motors, Dynamoa, Eleotm 
Irala. Svo, cloth, Illua fS.a 

Vol. II. Inatramenta. Traiufonnerii, Ii 

atallatlon Wiring-, Switches and Switchboarai 
8yo, cloth. Illustrated (8,0 

Vol. III. Production of BlEctripnl EneTS 
Prime Movers, QeneratarB and MotOFB. St< 
cloth, illustrated fS.B 

Vol. IV. HecbBBlcal Grarinsi Canplel 

Electric Installations; Eleotrolytlc. UtntriK an 
Heating Apparatus; Electric Traction; Specll 
Applications of lElectrlc Motors, gvo, clotl 



iliustra 



AppnrBtan aad Machlncrr naed 

._.__ "'Tnals, Wire' "- 



Telegrapha, Telephones, Signals, Wireless Tel 
egraph, X-Raya, and Medical Sclenco. Ivt 

cloth, Illustrated *S.B 

Complete seta of the Ave volumes •IS.O 

KKNNEILLY, A. E. Theoredpal BI«B«BtB « 
Electro-dynamic Machinery. Svo, cloth, fl.B 

KERSHAW, J. B. C. Fuel, Aater, and Gaa Aa 
alysia, for Steam Users. Svo, cloth, net, f3.B 

BIcctrometBlInrKy. lUnatrated. SOS wMgl 

Svo, cloth not, «aj 

Tbr Bleirtric 'Pnmaee Va In™ &&«%<xAVt< 

duetJon. 68 pages, 24 m\iB^.Ttt.i.Votis ^ni W^ 

patenta. lamo, clotfe .ii.<A.^ 



SCIENTIFIC PUBLICATIONS. 

KINODON, J. A. ApDlled MHKBPtlini. 
ductton to the DeslKn of Electroniai 

'IiaratuH. Svo, cloth «a.uo 

blUZBRUXNEiR, C. Alteraatr CaTTEnt Wlnd- 

I tns«; Their Theory and Construction. A Hand- 

' "1 for Students, Deslena, and all Practical 

. 8to. cloth. Illustrated net. tl.SO 

>BtlBaoDB CnmMit Armatnreat Tbelr Wlnd- 

and Constructioi). A Handbook for Stu- 
" ' 1 all Practical Men. Svo, 



1 

r. 1 



• Tesflns of AIt«v>tlBB Onrreat MaeUnea 

In I.al>oratorlea and Test Rooms. A practical 
.worlc for students and engineers. Vol I. Oen- 

'iJluatrstlona. ie4 pp.. Svo, Oluili .Jei. Kt.on 

EntKALDY, V!. G. IllDirtnitloBii of David Klrk- 

. aldy'H System oC Mechanical Testing-, aa Origi- 
nated and Carried on by lilm during a Quarter 
-' - " — — f, Comprlalng a Large Selection 

KuL muuinLLDiJ Results, allowing the Strength 
and other properties of Materials used In Con- 
atructlon, with Explanatory Test and HlB- 

lorical Sketch, Numerous ensravlngo and BB 

[ lUhoeraphed plates. 4to. cloth «10.00 

IRKBBIDBI, J. Ba^ravlBK fur lUnBtratlDoi 

Historical and Practical Notes, with lllustra- 

Kllona and 2 plates by Ink: photo process, Svo, 
cloth, lllustratDd net, fl.KO 

KUUEWOOD, J. F. Report oa the Plltra 



>-m 



River Waters for the Supply of Cities 



r Comnifsslonera of the City of St. Louts. 

rated by 30 double-page engravings. 4to, 

' cloth (T.BO 

tOiBirt, J. T. Desticn o( n Hlsh—peed Steaia- 

'--, With notes, diagrams, formulas and 

Second Edition, revised B,nd enlarged. 



OiBOiniANS, P. B. Boiler .. 

"^■Ppaotieal explanation of the best modem 
.mathods of Boiler Construction, from the lay- 

ijng out of sheets to the completed Boiler. 
IWTtli diagrams and full-page engravings, Svo. 
olotn. Illustrated W.on 

SKHT, A. IH.. Lleat.-Com., V.S.X. Modem 
BUmanship, Illustrated with 115 to\\--pa,st5 
•latea and diagrams. Bvo, clotti, U'VuaWa\.&&- 
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Knox, \F, E*. LDgsrlthm Tables In PrCBH. 

KNOTT, C. G., and HACKAY, J. S. Practical 

Mathemattcs. Witli numeroua eiamploa, flg- 
urea.and dlasranis. New Edition. Evo, Cloth, 

Illustrated »2.0(t 

KOKSTEIR, P.. 



Hj-dnreleotiflc nerclopmeiita and nnslneer- 

InB. A Practical ana Theoretical Treatlae on ' 
the Development, DeHlgn, ConBtrnctlon, Fduls- 
ment, and Operation. of-CompIete Hydroelectric 
Transmlaalon Plants. With many tables and , 
EDO diagrams and il lustrations. 4TE pp., 4to. 

cloth net, aKM ' 

K0I.I.E:II, T, The XJtU)matI»D of Waate Prodncti. .1 
A Treatise on the Rational Utilization, Re- 
covery and Treatment ot Waste Products ol 
all kinds. Translated from the German, aeo- 

__ . ,__a ....-.__ .... .._. J dlagrama. 

-~^ VS. BO 
ctnre, 
3 Ma- 



tables, dlagrania a.ncl folding- plates. 8vo, 

olOCh net, fSJM 

Bone Pradnota nad MannrcH. An Acconnt at ' 

the most recent Improvements In the manutac- 
ture of Fat, Glue, Animal, Charcoal, aize. Gela- 
tine and Manures. With plana and diagrams, 

Svo. cloth. Illustrated net, VS. 00 

LAHBORN.l.. I/, Cottonseed FFDdDCts. A Man- 
ual of the Traatment of Cottonaeed (or ita 
Products and Their UdUaatlon In the Arts. 
With Tables, figures, full-page plates, and a 



■JfoJcm SoBpa, Cnadlea, nn* »i\se«Vn. fc. 

practical manual ol moAertv roettusia '»\'°-™- 
zatton of Pats anS 0»ti \n Wis ma.roitw.'CM* 
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I and CBiUdleB. and the recovery ot 
Svo, cloth. Illustrated ....net, V7.E0 

fcAMPBKCHT, R. BecdveFr Worlt After Pll 

Fires. A description of the principal methoda 
pursued, especially In fiery mlnea, and oC the 
various appliances employed, such as respira- 
tory and rescue apparatus, dams, etc With 
foldlDE plates and dlasrams. Translated from 
tliB Oerman by Charles Salter. Bvo, cloth, II- 
lUHtrated net, fl.ou 

UtCBUBTtUn , F. W. ArrodynamlcB ) Constita- 

tlng the First Vnliime .if a' ^"iiiolelp Worh on 

_ Ae^al Flight. With Appendices on the Ve- 

;, loclty and Momentum of Sound Waves, on the 

* Theory of Soaring Flight, etc. With numerous 

^dlaKrams and balC-tones. Illustrated. 442 pp., 

Ivo, cloth net, fbOO 

L-iAerodonetlca. CoB«tltntlm« tbe aeooBlI toI- 
.ume Dt a Complete Worn .on Aerial Plight. 
With Aprjeniiioi-H on the Thcorv and AppllcH- 
tloQ of the Oyroscope, an the Flight of Pro- 
jMtlle*. etc 449 pp., 308 Illustrations, 8to, 
elotb. net V<MM> 

ttUtNER, K. T. Princtpleia of Alfeniallas Cnr- 

rentB. For students of electrical engineering. 
^ S8 lllastratlons. 110 pp., 12ma, cloth. net. »1.2S 

fBHABBB. C. S. Cipher and Secret Letter 
,and Telegraphic Code, with Hog's Improve- 
.ments. The most perfect Secret Code ever In- 
1 vented or discovered. Impossible to read wlth- 
_... ,. . ,_ -smo, cloth fO.eo 

'tASSAR-COHN, Dr. An tatTadnptloii to Moderm 

Scientiflo Chemistry, In the form of popular 
- lectures suited to University flxtension Stu- 
dents and general readers. Translated from 
tto author's corrected proofs for the second 
Qerman edition, by M. M. Pattlson Muir, M. A. 
'I2mD, cloth. Illustrated fS.OO 

iiulTTA, H. N. Handbook o( American Gnu- 

_ ™ jijg, Practice. With diagrams and 

<vo, cloth, illus., 460 pp net, V4.!!l> 
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Repair Them, with '" ■■ 
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LQBD8, C. O. Meefaaalcnl DmwlBK tor Ti 

Schools. High Soliool Edition. (C*arnL„._ 
Tecbnlcal Schools Textbooks.) Text and 

PlatBB. 4to, oblonr cloth net, tl.36 

ne44wiil«l DniTlnK for Trade Schools. 1 

chlnery Traijea' Edition. 43 leBaoni In text 

platen. 4to, oblons cloth, l&D pp..,. net, fl.M 

LGFI^VRB, L. ATchllectnrnI PoKetri Brl> 

Tilea, Pipes, Enameled Terra-Cottaa, Ordlr 

and In crusted Quarries, Stoneware Uosa 

Faiences and Architectural Stoneware. Wltli 

tables, platea &nd 9ED tMa aiid lllustratlohs. 

with a prolftce by M. J.-C, Forralge. Trans- 
lated from the French, hy H. K. Bird. M.A,. 
and W. Uoore Blnns. 4to, cloth, illustrateil. 



ing. Copying. Lithographic, Marking, Slamji- ' 
ing and Laundry Inks. Translated from the 
fltth German edillon. by Arthur Morris and ' 
Herbert Robson, B.Sc. Sva, cloth. Illustrated. 

net, (Z.BO 

LGIHSTROM, Dr. Blectrlcltr ■■ AsilCQllnrE amd i 



Horticulture. Illustrated . 



LBWBS, T. B. LI«nia and Oanons ITnKta, aad 

the Part Thev Pidv In Modun Powlt Produc- 
d 54 flgurea and dlaBrams. 



. P., and WILLIAMS, J, Hotr lo 

Become a Competent Motornian. Being a 
Practical Treatise on the Proper Method ot 
Operating- a Street Railway ilotor Car; also 
giving detalla how to overcome certain de- 
fects. Revised* Edition entirely rewritten and 
enlarged. 16mo, clot'a, maBMB.\.Ba fl.W 



nelplea 

_. .581 work 
] diagrams. 

: iXICKE, A. a. BBd O. G. A PfBL-tlcal Treatise 

, the Manufacture of Suliihuric; AcW. With 

mtB, and other ' lUustratlonH. Royal ) 
k cloth 
X«>CltW 



^i~>H!lcctrical M*i 

. -UoD- 31 Illustrations. 12nio~, cloth V. .~.tl.Sa 
bOOGB, O. J. Eili-nieDtur]' HecbaDlci. Inclndlns 

' Hydrostatica and Pneumatlca. Revised Bdi- 
Oon. IZmo, eiotli fl.HO 

beln'l O di-s^Ti(Hfon of the work of Hertz and 
hlK aucceBBors. With numerous dla^rama and 
iijiif-.nin. ^ ijts nnii arirtlitonal remarks con- 
Telegraphy and 



, Tlilrd E 

net, «:e.uu 

itlTe and Faacr Fabrlca.. A 

and desisnera of Carpets. 
d all Textile Fabrics. Svo. 

Hnndbpok of (lie Eleclco- 

eiiltloil ..'. ." 10. BO 






t/aeKM, O. E. «•■ Elnirtne DmlKn. With tig 
trea and diagrams. Second Edition, revlsei 
8»o, cloth, illustrated net, »3.0 
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and dlas-rama. Thick Svo, cloth, lUustrsited. 
net. BlS.OO 

A Theoretical null Practical Trcntlne on the 

Manufacture ot Sulphuric Acid and Alkali 
with the Collateral Branches. 

Tol. I. Stilphnrio Acid. In two pnrln, not 
Bold separalel}'. Second Edition, revised and 
enlarged. 342 lllui. Svo, cloth SID.M 

Vol. II. Salt Cake, Hydrochloric Acid and 
Leblanc Soda. Second Edition, revised and 
enlarscd. Svo, cloth tlS.W 

Vol. III. AiuinoBlo Soda, and rarlona athei 
processes of Alkali-maklns, and the prepara- 
tion of Alkalis, Chlorine and Chlorates, hy 
Electrolysis. Svo, cloth. New Edition, ISBi. 
lis. 00 

TecUnical ChemlKta' Handbook. Tnblea mma 

methods oC analysis (or manufacturers of tn- 
OTsanlc chemical products. 2S3 pp. 12mo. 
leather net, VS.SO 

TechnlcBl Hcthoda of Chnulcnl Analnlo. 

Tr&nelated from tbe second German edition 
and adapted to English practice by Cbarlea A. 
Keanc. In collaboration with the corps of spe- 
cialists. Volume I. In two parts not sold sep- 
arately. 1024 pp. Illustrated. Svo. oloth- 

net. ■IS.M 

Vols. II and III in preparation. 

— ~«Bd HIlRTen, F*. The Alkali Haker'n Hand- 
book. T-iblea and Analytical Methods for 
Manufaclurprs of Bulphurfc Acid. Nitric Acid. 
Soda. Potash and Ammonia. Second Edition. 
12mo. cloth •S.OO 

■LUI-rO?!', A., PARR. a. D. A., and PBRKIN, H. 
Electricity as Applied to Mlnlnit- With tablea. 
diagrams and folding plates. Beeoiid Edition, 
revised and enlarged. Svo. cloth, illustrated. 
net. M.M 

I.D4GB1R, t» H., Ph.D. (Cslambla I/bIt.). MlB- 
erals in Hock SectlonB. The Practical Method 
of Identifying Minerals In Rock Sectlona wttb 
the MicrOBcope. Eappclally arranged for Stu- 
dents in Technical and Scientific Schools. Third 
Revised Edition. Svo, cloth, Illustrated. , 
net. flM I 

MACKIE. John, How to Make a WodIeb Mill I 
Pay. 8vo, cloth .iiel., «S.M 



JfACKROIV, C, Th. 



Pocket-book ol Vorvv.M\aJ5. ■R.M\ea, »JA 



with fleiirea, dlaKrams and t 
Smo. cloth, ir ■ - 



saonwic poBLrcATioNs. 43 

Tables: a.na BnglneerB' and Surveyors' Handy 
Book OC neference. MInCtI Editton. Itrao, 
limp leather, lllustratad U.OW 

HAODIRB, E.. Capt., D.8.A. Thr Atiaek and 
Delenae oC Coaac Fort in cation a. With maps 
and nuraeroua UlualratlonB. Svo, cloth, fS.M 
W pi. R> DomcHtle Saaltarr Drain b» aB4 
Plumblne Lecturee on Practical Sanitation. 
SS2 lllUBtrationB. Eva M.OO 

aiANKS, E. C. R. NotH OD the Conilrnctloa ot 
Cranes and LiltinK Machinery. With numer- 
ous diaKrams snd HEurea. New and enlarg-ed 

edition. IZmo. cloth net. tl.M 

e_ConMriiEtli>a and Work 

O. C. HrdrHnllc Power Bnctneerinff. A 

Prnctlcal Manual on the Concentration and 
TranamUslori ot Power by Hydraulic Machin- 
ery- With ever 200 diagrnmB and tables. SvOf 
cloth. Illustrated aS.B» 

InvevtiuuB. PnlenlB aud DeiilBii>. nilb Ktrte» 

ftna Full Text ot iho Nfw Erit.i.^ih Pat'JiilB. and 

Designs Act of 190T. L2nio, cloth net, ftjm 

I MAKKHAH, E. H. Steel Worker, Tbe Aaierieaa. 
A fwenty-Hve years experience In the selectloii, 
anneallne. working, hardening and tempering 
o( various kinds and grades of steel. 8yo, 

cloth. Illus. Second Edition Ifi.SV 

I HARSH, C. r., nnd DttWN, W. nelnfoFcril Con- 
' Crete.. With tull-page and folding plates, and 

■ BIZ flgurea and diagrams. Third Edition, ra- 
vlsed and enlarged. 4to, cloth, Illua.. net, V7.IW 

!■ ■ ilHaanal of Relafore^d Conerete and Coaervt* 
Plock Construfllon. IllUBtritlod Oy lis dia. 
icrania and flgures. 290 pp. ISmo, — ir-"'"!!. 
T... net. fl.6» 

MASfllE. V. W., aad IJadertalll, O. H. ^VlRles» 

lyiegraph-- »nd Telpmony -• J'l'i ■<- 

elalned. With a special article hy Nikola 
¥e«la. 78 pp. 28 Illustrations. 12mo, cloth. 



I KAViUCBI, WM. Bleetvld BlnntlDg Apparatoa 

and Explosives; with Specie' "-' '- 

Oolllery Practice. B6 lllusti- 

, VIO PP 

' MM.'tXH. ve. Amprlvan TeleKiB»bTi «T-^< 
"■" ■"— . Operation. *B0 UU--'— ' — ■" 



al Reference to J 



i 



I 



IYEIt, A. M., Prof. L.H 
Yo, cloth 
bCIILLOCGU, R. S., Prof 



-K, ElnitrlnecTliiK 

itles. With vofu 
rmulae, V2ma, e 
HclNTOSH, J. G. T»hnal<tKT of SnKnr. A 1 

Ueal Treatise an the Manufacture of S 
Ironi the Sugrar-cana and Susfar-beet. 
diagrams and tables. Svo, cloth, IUu«tr 

Indiinlrlal Alrohal. A Pratttcal Htuiaa 

the Froduclion and Use oC Alcohol for Id 
ti-lai Purposea and for Use as a Heating Aj 
as »n llfurolnant and as a Source of Mi 
Power. With plans and eneravlnBH. 
cloth, in. 292 pp., London. 190T net, ) 



greatly enlargeii English Edition. 8vQ. a 
Illustrated net, r 

.Vol. II., VBmt>h'Miit«rIali) nod Oil Tai 

MaklUK. Willi Bgures, diagrams and to 

niiistriited, Svo. cloth net, 

[To be complete In three volumea.) . 

licHE:CHBN. F. L. Teats for Om, Mlnrndii 
Metals of Commercial Value. Svo. cloth. 1 
trated .■ aet> 

lIcIVBII.1.. B. HeNelll'i Code. Arraaced to : 
the regulremetits of Mining, Metallupglottl 
Civil Engineers. Directors of Mining. Smtf 
and other Companies. BanHers, Stocfc. 
Share Brokers. Solicitors. Accountants, FI 
clers and GenerEil Merchants. Safety B~ ' 



f aad 






A., A. M. iDal. C. m. Wl 

L-KB uiHiriDutlon. A practical EuldaiEo 

Ins out of systems of distributing a 

llie Bupplj' ut water to cities and to 

.. ..h tables, foMliiE pVa.tca. iLnd numerous 

pag-e diagrams. Svo, c\iit\\, \\\U5WM.66, i 

iICK. C. W., Prut. Dairy 

>lKmo. clotli. lUustrfltHi 
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HBRCK. E. Cbtmtrml ReavralBi Thrlr Porfty 

atid Teats. 2iu p[i nut. »1.M 

AfBRRITT, Wm. H. FIfM TpMIbs for Gold ■>« 

Sliver, A FraoUcal. Majjual tor Frosiiectora 
ana Ulners. With numerous half-totiQ cuts, 
AKures and tablee. 16nio, limp Itaclii^r, [Uua- 
imed t\JM 

mBTtJU, Tlll.N-ING. Bj a PuTFumn PatteiB- 
mak^r. Illustrated wlili HI engravings. l2mo, 
cloth t\M 

MICBBLL, a. HlHc Dralauisct belBs a C(Mn«lct» 
Practical Treatise cm ulrecl-actlnK Under- 
Eround Steam Pumplngr Machinery, Cuntaln- 
FnE many loldinE plaiea, diagrams and tables. 
Second Sditlon. rewritten and enlarged. Thick 
(tvo, cloth. Illustrated SIO.o» 

BIEIRZIKSHI, S., Dr. WalerproolInK of FaltrtM. 
Translated from the German by Arthur Mor- 
ris and Herbert Bobson. With diagrams and 
GKures. &vo, cloth. Illustrated net, «3Jt» 

HILLESR, K. U. <CalDinbla UhIt.). ananfllatlTe 
Analysis Cor Mlnins Engineers, ivo. cloth, 
Second Ed. Revised net, |li* 

XIUIOV, H. E. -W. HoDip LHce-maklngi a BBBd- 
book for Teaclers and Pupils. With platea 
and diagrams. 12mo, cloth. Illustrated. 
net, 91J» 

HHVIPIE:, W. MecbanlPBl Dranlnc A Text- 
book of Geometrical Drawing far the use of 
Mechanics and Schools, In which the Detinl- 
tlona and Hules of Geometry are famlliarlT' 
explained; the Practical Problems are ar- 
ranged from the most simple to the more com- 
plex, and In their de,scrlptlon technlcalltiea 
are avoided as much as poaslble. With lllua- 
trationH (or drawing Plana, Sections, and Bla- 
vatlons of Railways and Machinery: an Intro- 
duction to Isometrlcal Drawing, and an Essay 
on Linear Perspective and Shadows. Iltua- 
trated with over EOO diagrams engraved on 
■teel. Tenth Thousand, revised. With an Ap- 
pendix on the Theory and Application of Col- 
0TB. 8vo, cloth «4-0* 

■ , Geometrleal Drawing. Abridged from the 
Octavo edition, for the use of schools. Illua- 
■ plates. Ninth Edition. 



?». deil , 

Meteorological Society in 1810. 1\\msi.t toaft. 



MODBRIV MBTEOROLOQY. A SctV«> o1 WO. 

Lectureg. delivered under the dMBoVcea " " 



cioth 



KOHTEIVERni:, n. I>. a Pocket aiosaarr of 

Eng;lls>i-Sp«.n<sh, Spnnlah-EiiKllsh Technical 
Terms. Suitable for the engineering, manufac- 
turing and mining Industries. 309 pp. Vest 
pocket slse, leatber net, fl.OO 

MOOBB, E. C, S. Nevr Tables for tbe ComplFti! 

SolQlioii of Gangulllet and Kutler'B Formula 
for the flow of liquids In open channels, 'pipes. 
Bewers and conduits. In two parts. Part I, 
arrang-ed for 1080 inclinations from 1 over 1 
to 1 over ai,I20 tor flUeen different values of 
(n>. Part II, tor use with all other values at 
In), With large folding dIaKram. Svo. cloth, 
Illustrated net, SB. 00 

MORBIKG, C. A., and NEIAL, T. New General 

and Mining TeleEra.ph Code, 678 pages, al- 
phabetically arranged. For the use of mining 

financial agents, an-d trust and flnance com- 
panies. SIghth Edition. 8vo, clotli ...SS.OO 

MOSBS, A. J. The CbaraclerB of Crrslala. Am 

._. — ^ — I — -J Physical CrystallOBTaphy, con- 
lustrations and diagrams. 8vo. 



MOSS. S, A. Klementu o( Gas E! a vine Dealsn. 

Keprlnt of a Set of Notes accorapnnylng a 
Course of Lectures at Cornell University In 
1902. Second Edition. 16nto. cloth. Illustrated. 
(Van Nostrand'a Science Series) 90. M 

—The Lar-onl of CoHlan Valre Gean, IVmm 
nostrand'a Science Series.) l«rao, cloth, illus- 
trated VO.H 

« Bad rat- 



Moulding of Pulleys, Spur QearB, Worn. , 

Balante-wheelB, Stationary Engine ana Loco- 
modve Cylinders, Olobe Valves. Tool 'Work, 
litnlng Machinery. Scve'w Pto'oellara, Pattern- 



fully Bcleeled Rules and Tables (or every-day 
use In the Druwlng omce, PaIt?rn-shoii and 
Foundry. 12mo, clolli, lILuatraUa f2.50 

aroilBV, A. E. Introdnetlnn to ibe CbemUtrr 

and Physics of Bulldin? Materials. IlIuEtrated. 
8vo, cloth. 385 pp.. (Va.n Noslrand's Westmln- 

HUNHO, J.. C.B., BDa JAMIBSON, A.,.C.B. A 

Pocket-book at Electrical Rules and Tablea 
for the use of Electricians and Engineers. 
Sixteenth Edition, revised and enlar^Bd. With 
_,. J. , Pocket size. Leather. 

«::.B0 

HUKPHY, J. G., M.K. PrsctK-al MIdIdk. A Field 

.Manual for Mining Engineers. With Htrita tor 
InveatOTB In MlnrnE Properties. IGmo, cloth. 

MAdVElT, A. Lesal CbrmlBtry. A Gnlde to the 

Detection of Poisons, Falaiflcatlon of WrltinBS, 
Adulteration of Alimentary and Pharmaceutl- 
osl SuhBtances, Analysis at: Ashes, and Exami- 
nation of Hair, Coins. Arms and Stains, as ap- 
plied to Chemical Jurisprudence, for the use of 
Chemists, Physicians, Lawyers, Pharmacists 
and Experts. Translated, with additions, in- 
cluding a list of books and memoirs on ToJil- 
coloRy. etc., from the French, by J. P. Batter- 
BhalT. Ph.D., with a preface by C. F. Chandler, 
Ph.D.. M.D., LL.D. 12nl0, cloth (3.00 

SASHITH, J. The Sladeot's Cotton Splanlns. 
Third Edition, revised and enlarged. Kvo, 
olotii. BZZ pages, ZSO Illustrations S3. 00 

XKRZ, V. SmrehllKhtBi Their Tbeom Caiutrae. 
tlon and Application. Translated by Charles 
Rodgera. 4T illustratlana. 14& pp. 8vo. cloth. 
net, tS-Wt 

IVBimEaGEIR, Hm and NOALHAT. H. Tcvhnal- 

ogy of Petroleum. The Oil Fields of the 
World: their History, Geography and Geology. 
Annual Production, Proapection and Devel- 
opment: Oil-well Drilling: Transportation of 
E%troleuin by Land and Sea. Storage of Pe- 
troleum. With 1S3 illustrations and 25 platea. 
TraoBlated from the French by John Geddes 
Mcintosh. Svo, cloth. Illustrated, net, tlD.OO 

HBIVALI., J. W. Plain 

~ ■ "* ' 1 I'liinne Wpnp.v , 

a. ■p\«.Vn. 



Drawing. Sizing and CutUng ^eNeVsea-t*. 



Milling Machine or Gear Cu«er „ _ 

them s correct shape from end lo *n.a-. 



(R D. V*S NQSWAND caUPAJVIr'S 

showltlK how to set out all partieuls.rs tor 
the WorkahoB wlthoul making any Di-awlngB. 
Int'ludlnK fl Full " ■ " * -■ " 



iiid the Mechanical Prlnclplea o( 
.ion in Carpentry, 
aiao, a Complate 
uBt rated Gloaaftry 
ncu 111 ivitijiictiure and Bulldlns. 
Folio, HaJf morocco - CIEt.M 



NIPHBR. F, E., t 



NISBBT, H. Gnmimar of Textile Dealsn. With 

.,. g ^^^ fiKures. 8vo, clath. lUua- 



ifr 



NrGGT^T, B. Treatlae OD Optica; or, LlsM nm* 

SiKht Theoretically and Proctloally Treated, 
with the Application to Fine Art and Indus- 
trial Puraufta. With 103 lUuatratlona. 12mo. 
cloth tl.BO 

O-COKNOR, H. The Gas EaElneeT'i Pocket-bsolb 
ComprlainK Tables, Notea and Memoranda re- 
lating' to the Manufacture, Dlatrihutloo and 
Uae ot Coal-gas and the Construction or Gas- 
works. Second Kdltion, revlaed. 12mo, full 
leather, ellt edges fS.H 

OUTtlOir, A. Motor Contral an tTned In Ooiuee- 
tloti with Turret Turning and Gun Elevating. 
(The Ward Leonard Syatem.) Illustrated. 
8V0, Psmphlet, 27 pp. (U. 8. Navy Electrieai Se- 



I>-Strei 



p-Strensth of Wrought-lron Columni, Safe 
I Btrengtb at Timber Beams, and Conatants (or 
I readily obtalntns the Shearing Streaaes, Reac- 
I'UonB and Bending MoraeuU In Swing Brldgea, 
V fifth Edition, lilmo, leather net, SS.tH) 



BVDI 



and byste . _.__ _ _ 

nrea. Fifth Edition, revised and enlarged. 
Fully ItlUBtrated. 8vQ, cloth, 3T0 pp. ...«a.UU 



' Llghtlnfc. Authorized tianalatton from the 
, French by George W. Patterson. Jr. Second 
1 Edition, revised. Svo, cloth. Illustrated, V4.II0 
fAMXlLV, C. CoUleiT HanBger's Handbook, A 

f Comprehenalve treatlae on the L.aylng-out anii 
I Working of Collieries. Dealgned aa a book 
— . — < . — — II. managers and tor 



jlana, and engravings. Svo, cloth. 

d net, flO.uu 

, U Oi D. A. Ulectrlcal BnglnecrlDg HeHaw-< 

' Ing Instruments, tor Commercial and Labora- 
tory Purposes. With 370 diagrams and en- 
I gravlngs. Svo, cloth, illustrated, net, fS.QU 
kUIRY, B. J., H,Sc. The CheiulalTr or E3*a«ntlal 
DI1> and Artificial Perfumes. Being an at- 
tempt to groap together the more Iniportaiu 
of the published facts connected with the aut» 
Jeet; also giving an outline of the prinelplea 
Involved In the preparation and analysis of 
SlisenUal Oils. Second Bdttlon, thoroughlr re- 
vised and greatly enlarged. WUh .numeroua 
dlagrama and tablea. Svo, cloth, lllustrateii. 



that should he li. -_ 

the medical protcasion, sanitary Inspectors, 
medical oIBcers of health, managers of works. 
1^ loremen and workmen. Svo, cloth, net, fS.OU 
BUlSHALIi, H. v., and HOBART, U. M. Anna- 
pture Windings of Electric Machines. With 14u 
L^full'P^EO plates, G5 tablea and 1&& 'oa.%«« til 

SfieMorlptlve letter-press. Ito, cVoxYl .VI Xf^ 

B^i&ir^rfp RHllnnj- KnglnverlnK. "^"WVi tnno' 
H-Dlid tables, figures, and fcildVtis; p\B,\.«iB. ^^' 



n. TAIT NOSnAXD compaky's 

eloth, 463 pp„ lllua net, BM.OO 

ThlB Is undi>ubted]y tha most comprehenal — 
'- - - -apidly BrowinK and li '" '- 



FASBMORE), A. _. ._ _,. 

Terms used in Arcliiteature and Building, and 
their- Allied Trades and SuWectH. 8vO, cloth. 
net, S8.IW 

PATEIRSOJT, D., F.C.S. Tbe Color PrlntlBH- at 
Carpet Yams, A useful manual for color 
chemists and teitlle prlntera. With numerom 
lllustratlona. 3vo, cloth, Illustrated, net, •S.SO 

Color HatcliiBK oB TvstlleH. A MsBual In- 
tended tor the use ot Dyers, Calico Printers, 
and Te^ctlle Color Chemists. ContainInK ool- ^ 
ored Crontls piece BiDd 9 llluatratlons, and 14 ■ 
dyed patterns In appendix. Svo, cloth, lllus- 

The Science of Color Mlxlnic. A Maniial to' 

tended for the use o( Dyera, Calico Printers, 

and Color Chemists, With flgucea, tables, and 

colored plate. 8vo, cloth. Illustrated, net. ».0a 

PATTOJr, H. B, Lcc^nre Noten on CrrataUo** 

raphy. Revised Edition, largely rpwritten. 
Prepared (or use of the students 



PAULDING, C, P. Pracllcal Law* and DntB om,b 

the Condensation ot Steam In "^ -• — ■"-= 

Bare Phies: to which Is added a. 
Peolet'8 "Theory a.nd Bitperln 



TranainlMlon of Beat ThrooKli Cold-ii— 

Insulation: Formulas, Principles, and _. 
Relating to Insula.llon of Every Kind;_' 

Manual Tor refrigerating ■ ~" 

tattles and diagrams. '" — 

PBIRCE, B. Syilem ot Anolytle Hecbanl^ 



FEIXDHEB, V. The Tton^B? t.o<n>natlTe. ■■ 

It Is and WHy It Xb 'W^iat \l. \s. 

tlona. Svo, clotH, 31& pB- ^Nm 
Westminster Serles.l — ■ 



SOBNTIPIC PUBLICATIONS. SI 

ON. F. M. Pnctlcal Mctlioda of InoivBiile 

mtBtry. With flg-ures and diagrams, 12mo. 
ik, Illustrated, 152 pp, net, CLOO 

tIGO, O. B. DevlccB, ChUBse Gear. Slian- 

■ the Development of the Screw Cutting 
le etna tbe Mettioda of obtaining various 

^GB of Threads. Cloth fl.«0 

UKE, F. A. C, A.M., D.Sc. Coodiict»ri lor 

Etrlcal Distribution: their Manufacture and 
lerlalB, the Calculation o( Circuits, Pole 
e Construction, Underground Working and 
6r Uses. With numerous diagrams and en- 
(•tngo. Second Edition, revised, Svo, cloth, 
■irated, SS7 pages net, S3. SO 

tr. J. Applied MpchanlCB. A Treatise for 

, Ubb of Students who have time to work 
brimental, numerical, and graphical exer- 
m Illustrating the subject. Svo. cloth, S50 

« net, V2.B0 

kilPS. J> BiiKlaeerIng Chemlatrr. A Prac- 

J Treatise for the use ot Analytical Chem- 
L Engineers, Iron Masters. Iron Founders, 
lenta and others. Comprising raathoda of 
QtsIb and Valuation ot the principal ma- 
KJjl naed in Engineering -works with num- 
H Analyses. Examples, and Suggestions, 
■trated. Third Edition, revised and en- 

'^-' - cloth net, M.W) 

_1 AaaarlBit. A Practical Handbook glv- 
^e Modus Operandi lor the Accurate As- 
.of Auriferous Ores and Bullion, and the 
r£lcal Tests required in the Processes of 
Taction by Amalgamation, Cyanidatlon, and 
jelnatlon. With an appendix of tables and 
Uttca and numerous diagrams and en- 
^ - , cloth, Illustrated, net. V2.fiO 

.. aevBB Polllea of Science. A PopnlM 

Bit of the most famous scientific Impoasi- 
■n latid the attempts "which have been 
I solve them; to whlcli Is added a small 
of Interesting Paradoses, Illusiona 
TrrelB. With numerous Illustrations. 
Eldltlon. Svo, cloth. Illustrated. 
net, fl.SB 

old FcBta, and Bow la Get RM ot 

— , cloth - In. ■Pl««». 
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— ThF BIldF Rule^ A ProctlCBl MbdiuI of Ii 

(ha Modern Type • 

= cinct Explanation ( 

,-. of Slide-Rule Computation, ti 

S ether with Numeroua Rules and Practlo. 
luBtrattone. eihlbltlnK the Application o( tl 
Instrument to tlie EverT-day Work of tl 
En Elneer— Civil, Mer^- ■■'--' "-' ■"•——- 
Seventh Edition. 12 



"ThlH work fflves a description of _. 

Table employed al the United Stales Coa 
Survey office, and the manner ot using- It," 



at QOBlltSllTI 



_J am 

titatlve Analysis with the Blow-pipe. Klgt. 

Edition, revised. Translated by Hanry 

Cornwall, B.M., Ph.D., assisted by John 



PI.YMPTON, Geo, "W^., 



>, boards, llluat 



and Tan sen ts 



9 added a Table of I 



POPB. F. t. 

Talejrraph. . 



Hoilera PrBctlee of tke TUM 



lustrated. Bvo, 
POPPLE WBLI^ W, 1 



'enfa"%'i 



EllpiDfiitapy Trcatl 



—frerentlon 



— ..w_ — Smoke. «OTO.Wue4 -m m 

ileal CombUBUon ot ^msV 
fig-urea and ta.b\o». Vjo. 
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POTTBB, T. COBrrrlp. It» unr In »ulI<li>iK (rom 

Poiindatlons to Finish. Third EdHt-Mi levls^a 
and enlarg-ed. 138 lllust rat Ions. 36B pp., 8vo, 

oloth nel. »a.«0 

PraeHoal CnnpaoBdlnic of Olln, Toll on 



Practical Iron PonndlnE. By I he AntbuT 

T Making," etc. Illustrated wltn c 

ivlngs. Third Edition. l2rno, ol 



let . 



, HERBBRT. Wlzlns a 



i'KAY. T„ Jr. Twenty Yeara wllb tl 

bslDE H. Practical Text-boolc for t 
or the Student, with no complo; 
Illustrated, 8vo, cloth 



■^— Steam Tablea and Elnglne Constant. Cm 
piled from Regnault, Ranhlne and Dixon c 
-?ctly. malting use of the exact records. 8i 



cloth 

PRBBCE, W. H. Electric T.ampii In Prea 

and atnbba, A. T. Hanual o( Telrpboo; 

IllustratlonH and plates. 12mo. cloth, »4.t 
PRI3I.INI, C„ CR. EiaMh and Rock Ricavatio 

Blneering Students, With tabloa and mar 

I diagrams and engravings. Second Edltlo: 

revised, 8vo, cloth. Illustrated net, |3.( 

GFavbicBl DelemilDBtlon of Earth Slope 

Retaining Walls, an4 Dams, gvo, cloth, lllui. 
trated. Isi pi> net, (9.00 

TannellBB, A Practical Treallae contalnlnK 

149 Working Drawlnss and Figures, With 
additions by Charles S. Hill, C.E., Associate 
Editor ■■BnginecTlnB News." 311 pages. Third 

Edition, revised. Svo, cloth, lllu.^i fB-OO 

■ I PreJglng. A Practical Tceatlao. . , .In Press, 
[ PREHIBR CODE. (See llawke, Wm. H.) 

PRBSOOTT, A. B.. Prof. Organic Analrala. A 
Uanual ot the Descriptive and Analytical 
Chomistrj' of certain Carbon Com pounds In 
Common Use; a Guide in the Qualitative and 
Quantitative Analysis o£ Organic Mateiials ta 
OomniercM and Pharmaceutical &.aaa.-u«. \.w. W' 
estimation of Irapuritiea undec KD.'iVoi'a.e 
StaoJards, and In ForeTVs\c ExamtaBA^'"^'* l 
^ p0/sotis. H-Jth Directions lax 'a\eir.ei^.Va.'i"J ' 



ffanlo Analysis. Fifth Bditlon. Svo, clotli. 

«5.0U 

and JOHNSON, O. C. aiulltatlre Cbcmical 

Analyaia. A Guifle in Qualitative Work, with 
Data for Analytical Operations, and lAbora- 
tory MEtliodB in Inorganic CheralBtry. Sixth 
revised and enlsreed Edition, entirely rewrit- 
ten, with an appendix by H. H. Willard, con- 
taining' a few Improved methods at analysis. 
Svo. oroth not, ra.SO 



r. 



Bd SULLIVAIV. E. C. (Vnlvmltr ol Hlchl- 

i). First Book In Qualitative Chemistry. 

: Studies ot Water Solution and Mass Ac- 

iion. Twelfth Edition, entirely rewritten. 13mo, 

cloth net, «1.50 

PRESS, A. DvbIkh of Klvctrical HBchlDcry. Svo, 

cloth. Illua. Tn Press, 

PRITCHARD, O. G. Xhe Hannraelnre of Elec^' 
trie -light Carbons. Illustrated. Svo, paper. 



FROST. E. Manual at Cberalcal A 



a Assay or_ Fuels. Ores, 



'Sets 



Toys, Salts, and other Mineral Products. Trans- 
lated Irom the orlglsal by J, C, Smith. Pe-rt I, 

Fuels, Waters, Ores, Salts, and other mineral 
industrial products; Part 11, Metals: Part III, 
Alloys, Bvo, cloth net, $4, Bo 

PUI.I,BPi, W. IV. F. AppUcaUao of Graslilc 
Methods to the Design of Structures. Speofally 
prepared for the use ot Bnglneera. A Treat- 
ment by Graphic Methods of the Forces and 
Prfnclplea necessary lor consiaeration In the 
Bridges. TruHsea, Framed Structures, Wells, 
Brldffes, Trusses. Framed Structures, Roofs, 
Dams, Chimneys, a-nd Masonry Structures. 
l2mo, cloth, profusely liluatrated, net, (2. SO 

FITLSIFEIR, -W. H. Kotra for a HIMory of Lpad. 
8vo. cloth, gilt top $4.00 

PUTSCH. A. Gas and Coal-dast Flrins, A Crtl- 
ical Review of the Varloua Appliances Pat- 
ented in Germany for this Purpose since 1885. 
With diagrams and figures. Translated from 
the German by Charles Salter. Svo, cloth. Il- 
lustrated net, M.OO 

PYSCHON, T. R., Prof. iBteodnctlon to Ckeml- 
cal Physics, designed for the use of Acade- 
mies. Colleges and High Schools. Illustrated 
with numerous engiavitiKa, and containing 
copious experlmentB, vJUti alrccWoTiB tov Mt 
paring them. Now Edmotv, Tftv^aei a^ ft 

larsBA. and llluBtrated ty ^6^ -wooi ™g 

ItiKa. Bvo, cloth ^^ 
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RADFORD, C. S., Ura*. BaHSbook on Naval 
Gunnery. Prepared by Authority of the Navy 
Department. For the use ot U. S. Navy, U. B. 
Marine Corps, and U. S. Naval Beaerves. Re- 

— - --'argea. with the asslstanc- -' 

1. Lieut " " " "••- ■"■■ 



Stohely Morgan, Lieut. tT.^& N.^Thlrd E 

«lillc Sewnxc 



sed and enlarged. ISmo, flexible leather. 



(Van Nostrand'8 Science 



^— and BAKBR, M. N. SvivB^e Dlnpoul In tbe 

Tnlted States. IlluBtradons and rofdln^ plalea. 
New Revises and Enlarsed Edition. Ito, 
floth »0.00 

luAIKElS, H. P, Thr DmiKB. CoBalructloD and 

L MalntenancH ot Sewage Diapoaal Worko. Be- 

■ .Ing a Practical Guide to Modern Methods o( 

■ •'Sewase Purlficathm. 4U pp.. 8vo. cloth. 

■ net, »400 

BMUIwnr Shop tly-lli-Dalv. A rrlrrrner hook 

mr ot up-to-date Ayter 
r Oompllei" ■"" "■" — 
I waylMas 

urea, diaKrams and drawings. 



Canals, RlverH, Water-worka, Harbora, Me. 
"With numerouB tables and lUuBtratlon*. 
Twenty-Hpat Edition, thomuEhly revised by 

W. J. Millar. Svo, cloth fS-OO 

— Maclilnerr and nflllirark. ComprlBtiiK the 
Geometry, Motions, 'Work, Strength, Construe- 
tlor. ana Objects of MachlneH, etc. With near- 
ly ^00 woodcuts. Seventh Edition, thoroughl? 



! W. J. MlUar, 



tliefnl Rnlea and Tablea Cor Bnglneera and 

Others. With Appendix. Tables, TeatB and 
I'^irmulae far the use of Electrioal EnKineera. 
ComprlslDE Submarine Electrical Eng'lneerlns- 
Electric Ushtins and Transmission of Power. 
By Andrew Jamleson, C.B., F.R.S.E. Seventh 
■- , thoroughly revised by W. J. Millar. 



cloth 



\ 



I and HAMBBR, E. P., Clt: A Hechanleal 

TsTt-bOolr. With numerouH illUHtrMions. PHth 

Edition. Svo, cloth SS.BO 

RAFHABL, F. C. Locallutlon of FbvIIb !■ Blee- 

tric Light and Power Males, with chapters on 
Insulation Teatlna:. With flgures and dta- 

Srams, Second Edition, revised. Bvo. cloth, 
lustrated net. SS.OU 

RATBAli', A. ElxpeUmeatol Beacarehea on Ihe 
Flow ol Steam throuKh Noiiles and Orillces, 
to which Is added a note on the Flow of Hot 
Water. (Kxtralt des Annalea dea Mines, Janu- 
ary, 1902i) Aiithorls!«d translation by H. Boyd 
Brydon. With Rgurea, tables, and folding 
plates. 8vo, cloth, lllus net, fl.OU 

RAirSBNIIElRGElR, F. The Theai7 of the BeeoU 

at Guns with Recoil Cylinders. Translated by 
Alfred Slater. 124 pp. 3 folding plates. Svo. 
"' — '■ '"■■■■ ■" "'*. »4JM» 

RAUTEINSTRAIICH, W., Prot. Srllobna of Lec- 
tures and Notes on the Elements of Machine 
Design. With blank pages for note-taking. 
Bvo. boards. Illustrated net, St-BO 

WILLIAMS. J. T. WacbVnc nratttes and 

-..■leal Design. A. Textto "' " "' ' ' 

STDS^neering' Scnools anS C 



. SmptrJcal Design. A. Texttoool*. 1.<)T ^ 
STDS^neering' Scnools anS OVneta -«..%, ».._ -^- 
.«-fnnin(r the study ot Tjib-wvok -.^^s K-w>v\eo. ^ 



«i.so 



soEimnc puBucATioNs, 5? 

Machine Design. Part I. Machine Drafting, 

lUuatratea. 70 pp.. 8vo. cloth ..nEl. S1.2n 

Complete In Two Parta. Part 11 In preparation. 

RAYMOND, E. B. AltmiatlBs-cnnvut EhkIu- 

eeriog Practically Treated. With nu " 

dlaerams and flBUrcs. Second Edition. 

RAljIVKil. H. 9IIk ThTDRlBK and Wailc Silk 

Spinning. With numerous diagrams and ng- 
nrea. 8vo, cloth, lUus net, SS.50 

RBCIPEIS tor the Color, Faint, Varnliifa. nil. Soap 

and DryBaltary Trades. Compiled by an Ana- 
lytical Chomlat. 8vo, cloth *3.B0 

RBCIPEiS FOR FLINT GLASS MAKING. Bring 

L*aves from the mlxins-book at Bcvaral ps- 
perta tn the Flint Glass Trade. Containing up- 
to-date recipes and VRluuble intortnatlon as 
to Crystal. Demi-crystal, and Colored Glaaa In 
Its many varletlea. It contains the reolpea for 
cheap metal suited to preaalng. blowlne. etc., 
aa well as the most costly Crystal and Ruby. 

BrltlBh manufacturera havs kppt up the ounl- 

Uv of this glass from the arrival of the Vene- 
tians to Hungry Hill, Stourbridge, up to the 
present time. The book also contains remarks 
SI to the result of the metal ai It left the pots 
by the reapectlve metal mixers, taken from 

Compiled by a Britlah Qlasa' Master and Mixer! 
12nio. cloth net, t*.Sa 

' HEBD'9 EiNOINEEinS' HANDBOOK to Ihe Local 

Ma,rinB Board Examinations tor Certlflcatea 
Of Competency as First and Second Class En- 
gineers. By W^. H. Thorn. With the answers 
io the Elementary Questions. lUuBtrated by 
ess diagrams and 37 large plates. Sevenleenth 
Edition, revised and enlarged. Svo. cloth. *5.00 

— KeT to (he aef-enterntli Sldltloi 

Engineers' Handhook to the Boar_ __ 

Bxaralnation for First and Second Class En- 



Engineers' Handbook to the Board of Trad 

the"'queatr[in"B Riven tn therxamtnatlon papers^ 
By W. H. Thorn. 8vO, cloth S3. 0(1 

^— -ITaeflll Htnta to Selk-KOing Bnglneers, nnd 

How to Repair and Avoid "Breakdowns;" alao 
apoandlcea eontalnlnB_Ballev B■^iB^■Q&\'l^*■ ^*'*- 
Tul Formulae, etc. With *i d\aBrB.toa b.in&. ^ 

itiatea. Third Edition, revised B,i\a e.'ci\Mftt^ 
Smo. clotb .«V-«» 



illuatra 




NOSTIAN'D COMFANV'S 



BolIeH. A Trrallae on the Canwi 

■ ■ ■ - - ■ .Ith Rp- 






nKINHARDT, C. W. liitlcrluB tor Omttmatn, 

" — ' e. and Students. A Practical Syatem 

hand LeiterlnR for Working Draw- 
ings. Revised and enlarged edttlon, Twenly- 
tiinth Thousand. Oblons boards Sl^M 



The Tcdhnic of Hcckanlral . DnttlBC. A 

praottcal ^uldP lo neat, correct and leBimo 
drawlnK, eontalninj! many llluatratlons, dia- 
Krains and fuU-pase iilatfa. tU), elotb. Illu«^ 

H.tm 

RBISESn. V. HaritpnInK and TfmyrTlag nt St««l. 

In Theory and Praf^ticc. Translated from ths 

" - "t Ilia third and enlarged edition, by 

lorrls and Htirbert Robaon, 8vo. 
pasfs (RE.BD 

— N. Fai-lta In tbe Manalnrturc or Woolea 
Goods and Ihelr Prevention. Translated Trom 
the second German edition, by Arthur Morris 
and Herbert Rnbson. Svo, cloth, UlustratPd. 
not. »2JS0 

SplDDlDK and ^Vvailna: CalvDlallAna witk I 

spBclnl reference to Woolen Fabrira, Trans-' 
I the German. by Chas. f " 



HENWKK, W. R. Marhlv and Marbl_ 

A handbook for architects, aculptors, 
quarry owners and workers and all engaee^ 
in buildlne and decorative Industries. 2B0 pM 
72 illUHtraUons. 13 colored plates. Sm ClOtJ 

' HtCH, J, n,, and JOHNBDN, W. W. ub a nn 

Method of Obtalnlnar the Differential of S'uiJ 
tlon», with as pecial reference to the Newlqf 
Ian conception of Rates or VelocUlcs. •~-' 

RICHARDS. F.. and COi.VIK, V. H. PeraL 

Practical, (Isomelric). Flexible clotb . 

RirnABnsON, J. A Prketleal Treatlac oal 

Theory Deslgrn. Conatructlon and '" 



— ~. Marcrnetlani and ^nei^tW— . -. 

FrlnctplBB of Electrical MeaBiiieniBYA. 
lualraflorip. 604 pp. 12VO0. eXoYtv-. - 



SCIENTIFIC PUBLICATIONS, 59 

iUDBAX. S., D.Sc, Give iind Glue TeMlug, wHh 

flgureii and tablea. Bvo. cloth, Jllujtrtitea. 

net, »4.l>0 

■UPPBR, W. A CoDne o[ InittrautloB In H>- 

Chlna Drawing lor Toohnleal Schoola and En- 
gineer SludentH. WltH B2 plateH and numer- 
ous explanator/ enBraylngs. Folio, clnth, 

net, flUiU 

ROB&RTS, J., Jr. LabDratolT 

ii»l BnBineer'-- '" — " — ' 

of liaburaloi 

ond Year StuaeniB oi 

With FlBurea. Dlagi 



(O&t^BaBineerlnK, (Preliminary Grade. 



i TIng'l nee ring. 



ulw BollEra. 

vcrBity ColleBe. London. 
170 lIlUHtratlons and dlag:i 
luBtrated •s.uu 

XOBINBON', J, B. ArcUteetoral Compiwltlon, An 

altompt to order and plraHe ideas which hith- 
"■i-'" tind bsen only felt bv the Inatincllve 
of designers. 8to, clotb, 21S pp., ITS 11- 



S. W. Prnctliral Trratl« on the Teeth at 

TVlieels, with the thf " ' - - . 

liiHOn-s OdDntograph, 

with additions. ifiniL. 

Noptrand'B Scletiee Series.) tO.SO 

ROBHLIITG, J. A. Loae and Sbort Span Rail- 
way Bridges. Illustrated with largo copper- 
8 late engravlnga of pjana and views. Imper- 
il folio, cloth •3B.O0 



nOLLIMS, W. Nolcs on A-Llght. With 1S3 full- 
page plates. Svo, cloth, illustrated, net, 97JiO 
BOBB, J., M.B. The Pattern -mskera' AulMant. 

I Embracing Lathe Work, Branch Work, Core 
■Work. Sweep Work, and Practical Gpar Cotv- 

l «tructJons, the Preparation an4 T3aa 

I tofecher with a ' --•.-_.: ■ 

I vaJuabiB Tablei 
engravlnga. 8v 



^6G D. VAM NOSTftAND COMPANY'S 

Key to KnslBEft sad Baslne-riiBBlnff. A 

Practical Treatise upon the Manasement of 
Steam-eDgLnes aod Boilera for the use of those 

charge of an engine or boiler. With numerous 
lllustratlonH, and InHtructlona upon Enelneera' 
Calculations, Indicators, Olagrama. Bnelne 
Adjuslmenta and other Valuable Information 
necesBary for Engineers and firemen. IZmo. 
cloth. flluH Vi.BO 

T. K. The Prectoiu Hetala. OompiiBliiB 

'ffold. silver, and platinum. 46 illuxlrations. 
Sto, cloth, 311 pp, (Van Nostrand'a WeatmlQ- 
ster Series.) net, fa.00 

ROSEN II A IN, W. niniiH ManntaFtiire. lllnatrBt- 
ed. avo, cloth, 176 pp. (Van Noatrand's West- 
minster Series.) net, fZOO 

ROSSITER, J. T. BleBDi BoBlBeB. Sro, elotb. 
(Van Noatrand's Weatmlnster Series.) 






(Van Noatrand's Westmi 



ftOTB. Phynlcal ClieralstiT 

ROlilLLION, LOUIS. 'Cams. The Dnftlni 



So. 2 



Study of the Cost uF Equipping a 

ine Hand Work In the Elementary and Sec- 

ondOiry Schools. Svo, cloth (2,00 

ROWAN, F. J. The Fractleal Fbynlo of the 

Modern Steam-boiler. With an Introduction 

by Prof. B. H. Thurston. With numerous 11- 

rufftriitlons and diag-ratns. Svo, cloth, lllus- 

■ trated U.BO 

RUHHBR, K. IVIreleu Telephonr In Theorr ■■' 

Practice. T rah slated from the German by 
Jamea BrskIne-lCarr«y. With an A 
hy the Translntor, and numerous flgurea and 
haJf-toneB, Illuatrftted. 224 pp.. Svo i-ln' 

not, VJBO 

RIISAICI.L. .t'.KXANnpIlt. Tb« Tb«ory of F.lrr. 
~ ■ " [ and Networks, 71 11 lustrations. 



279 pp. Svo, cloth not, * 

ory anil PTiwcTf»ii nt Wi« CAnc. 

With aestiV-pWQ'nB ot wiToe ti' 
Second BdVW'j-n, -wVW ■aAS.W.^ 



SABISti, K. Illatory atill Ptdktfw 

. fJ-fc Telegraph. With aestiV-pWt 



cloth 



SCIWTWIC PUBLICATIONS. 



SAELTZBR, A. Tmtinr on Aroamilcn In Cod- 

necllon with Ventilation. l£mt>, cioth, (l.DU 

SALOMONS, Sir D., M.A. mectrlc-llxfal lutaUll- 

tlons. A Practical Handbook. With numerous 
llluBtratlonH. Vol. I., The Management -of Ao- 
Dumulntora. Ninth Edition, revised and moatlv 
rawrltten. 12nio, cloth fl.BU 

Vol. n. Apyaratua. Seventh Edition, ravlaeil 
and entai'sed. 29G lltua. 12mo, cloth V3.an 

Vol.- III. Applications. Seventh Edition, re- 
TlBsd and enfargcd. IZmo, elolh •1.00 

Handbook, fjlnth Edition, revlBefl. (An edi- 
tion, mostly rewritten, ot Volume I ol BlectrU' 
Usht Installations and the Management oi 
Accumulators.) With agures and plates. 
I2mo, cloth, illustrated net, VS.BU 

SANFORD, P. G. Nltro-uplDHlvea. A PrsctlcBl 

Treatise concerning- the Properties, Manutac- 
ture and Analysis of Nitrated Substances, in- 
cluding the Fulminates, Smokeless Powders 

and Celluloid. Second Edition, reviaed and 

enlarged- Svo, cloth net, M.OO 

SAUNDBBS, C. H, Handbook of Pni'tlenI Me- 
chanics (or use In the Shop and Draughtlng- 
rooin: containing Tables. Rules and Formulae, 
and Solutions otpractlca! Problems by Simple 
and Quick Methods. 16mo, limp cloth. 11.00 

SAUWHIEB. C. WatcbataltrT'ii Handbook. A 

Workshop Companion for those engaged In 
Watclim^ing and allied Mechanical Arte 
■Pranalaled by J. Tripplln anil E. Higg. Sec- 
ond Edition, revised, with appendix. 12 mo, 
cloth K.O0 

aCHELI^X. H.. Dr. MHsrneto-eleclHc and Drns- 

mo-eleatrlc Machines; their Construction and 
Ptactleal Application to Electric Lighting, and 
the Transmission of Power. Translated from 
the third German .■Oltlon by N. S. Keith and 
Percy Neymann, Ph.D. With very large ad- 
ditions and notcis relating to American Ma- 
chines, by N. S. Keith. Vol. I. w'*'- ''" '"•■- 



scond Editi 

SCHEBSm. I<> CaielDi Urn Pregaci 

Tecflnleal trtllizatlon. Trai\B\aX.ea 

Oer/naa by Chas. SaVter. S-JO, cYo'Cn. 



3th, (5.00 i 

tlon and M 

I 



a ytx KosTKAHD aaai 



mm 



SCJIMAI.L, i 



»LiiniAi.i.t_Li. n. r iFAii L.ouriic in abbitdc < 

ometry. Plane and Solid, with Numerous 1 
amples. Cnntalnlng- figures und dlagrai 
12nia, half leather, illustrsted net, *1.TS 

^^-anil SHACK, 8. M. lUlplnPBta of Plane Gr- 

omelry. An Elementnr" Treatise. With many 
examples and dIaErE(.in~. 12mo, half leather, 
lliuBtrated net. »t.SS 

SCHMBBR. Loula. Flow ,,r V B-pri A New The- 
ory of the Motion (if Wa . under Preaaure, 
and In Open Conduits and i i Practical Appli- 
cation. Svo, cloth, illuati'a'.fd In Preas. 

SCHVHAKi.N, F. A IllH4iiiot u( Hratlns and Veu- 

Illatlon In Its Practical Apjilicatlon, for the 
use ot Engineers anfl Arohiteote, Bmbraolng; a 
Series of Tablea and Formulae for DltnenBlans 
of Heating, Flow and Return Pipes for Steam 
and Hot-water Boilera, Flues, etc. 12mo, II- 
luatrated, full roan ■1.00 

SCHWKIZBR, V. DlatillatloD of Ki-sliu, RcHlia- 

ate Lakes and Pigments; Carhon i'lamenta and 
Pigments for Typewriting Maahi ea, Manifold- 
ers, etc. A description of the pi -iper methods 
of distllline resin-olla, the munufacture of 
reslnates, resin-varnlshea, resln-plgmetita and 
enamel paints, the preparation of all kinds of 
carbon plKments. and printers' Ink. lltho- 
Kraphlc inks and chalks, and also Inks lor 



a. EnKlBccTs' and Mechaaica' 

mprlBlnB United States Weig'lits 
Mensuration of Superflce- — -* 



Gravity. Gravl 



.. Stre , .. __^ 

trials. Water-whealH, Hydr 



statics. Hydraulics, Statics, Centres of Per- 
cussion and Gyration. Friction Heat, Tables 
of the WetRht ot Metals, Scantling, utc. Steam 
and Steam-enBlno. Twenty-first Edition, re- 
vised. ISmo. full morotco fl.fia 

CATON. A. E. A Mnnuol of Morluv BBKlaeer- 

Comprlalng the Designing, Conr' -'-- 

Working of Marine WicMneni 



und Working- of Marine WicMneni . With 
rrom Working: Drawlnga. 8VxA.e6Ti.tti. ^ TO g to 



cciiCNTmc 



1 Water-tube Boliera. Svo. cloth,. net, «e^ 

-and R0I:.\TIIWAITE:. H. M. A fockcl-book 

r MBPlne Bnglneerlng Rulaa and Tables. For 
e of Marine Engineers and Naval Arcbi- 



Desleners, Draug-htstneii, auperintend- 

and ail engaged In the design and oon- 

Hlruction at Marine Machinery, Naval and 



Mercantile. Seventh Edition, i_ ._ 

larged. Pocket size. Leather, with dIagramB, 

W.oo 

SBIDBLT., A. (Bawna of Cbemlilrr, Wash^ D. 

C). Sotubltlliea of Inorganic and Oricanic 
Substances. A bandbook o( the mast reliable 
Quantitative Solublilty Seterm I nations. IZmo. 
cloth, S67 pp net, (3.00 

SBVBR. G. F., Prof. Bleclrlc BnKlBeerlns Ex- 
periments and Testa on Direct-current Ma- 
chinery. With diagrams and flgures. Second 
edition, revised and enlarged, Svo pamphlet. 
Illuatratod, 15 pp net. (1 .00 

^— and TOWNSR\D. F. Uiboratorr and Fac- 
tory Tests In Electrical Engineering. Second 
Edition, revised and rewritten. Svo, cloth, Il- 
lustrated. 269 pp net, (S.W 

SBWALL. C. 11, Wlrplvaa Telegraphy. Wllb 

diagrams and engravingH, Second Edition, 

corrected. Svo, cloth, illustrated ...net, »a.00 

Lrs>ion- In Trlesraphr. For o»« nn a T««- 

booU in BchoolB and colleges, or lor Indlvldunl 

students. Illustrated. I2mo. cloth |l.im 

SBn'ELI., 1'. Klrmenta of BIpctrleal dnKlneer- 

li.ET. V Flr-f Year's Course for Students. Sec- 
.ii.il !..|]rLi.i, r'lvlsed. with additional chapters 

'■:■ ^i-current Worlttng and Appen- 

,;]■. ■ .■ I imiis and Answers. With many 
,;i:ji ■■ ■ ■■[■■s and e-xamples. BvD, cloth, il- 
hi--:r-- , ' : pages net. fS.OO 

The ConalrueHon of DTnamoa I AltPTaiMIPB 

and Direct Currentl. A text-hook for students. 

chHrge, Svo, cloth., Vllus.. 31B pp, ..net, B.OO 

SE3XTON. A. M. Fori and Rerracforr Materlaln- 

Svo, cloth M.OI> 

A Handbook for BnglneerVYiK aVMatut*. ■^S.'*- 
tablea. diagrams and U\uBl.Ta.V\(ni». "^'i-'--' 
cloth, illustrated 



'^ 



D. VAW IrOSTHAlTD COMrAITY'S 

— An Ontllnc of thr- MptBlInrKr ot IrOB and 

«eei. IIIuHtrateii. 620 pp. Svo, cloth. 



SBTHOim. A. Praptim 1,1th oicraphr. With 

Bgnrea and engravlOKS. Svo, cloth. IlluBtrated. 
net, K.50 

SHA'W. P. E. A FHrat-yt-ar ConrBF of FnieH««l 

MaBnetlsm and Hleotrlclty. SppcCally adapted 



I ot Technicii! Studenti 
te-taklng. Svo, clotli, lllUHtraled, 



8. Thp Hlntorj- of the Staltardahlre Pottrr- 

lOB, and the Rise and Progress oF the Manu- 
facture ot Pottery and Porcelain: with rer- 

eminent pottera. A re-Issue of the original 
work published in 1S29. Svo. cloth, Illustrated. 
net, ta.Wt 

CbtBttntrr of the Screnit Natural and Artl- 

flelal Heterogeneous Compounds used in Man- 
ufacturing Porcelain. Glass and Pottery. Re- 
issued in Its orlKlnal form, tubllshed In 1S3T. 

S»o. cloth net. «S.m 

i'HEI.DOK. S.. Ph.D.. «nd MASON, H- B.8. Dr- 

namo-eleetric Machinery; Its Construction. De- 
nlgn and Operation. Direct-curront Machines. 
Seventh BdUion, revised. Svo. cloth, lllustraod. 



Alternating- current Machines: being the sec- 
ond volume of the authors' "Dynamo-elec- 
tric Machinery: Its Construction. Design and 
Operation." With manv dtoerams and tlgures, 
fBIndtng uniform with volume I.) Seventh 
. completely 



J)™cufs"?nB'Jf'VhH £™r 

cipiea invoivea. and Descriptions of the Ma- 
terial employed In Tunneling. Bridging, Canal 
and Road Building, etc. 12ino, oloth ...$l.BO 

SHOCK. W. H. Sfrnni Bollerii thrlr Desl«a, 



fHKEVB, S. H. A Tcratloe on *^ie ^^nnvOt *^ 

Bridges and Roofs. ComprVaiTifs We ftWftTW*-- 
atloa of aJgebraJc torinM\a» l-Qi -*--»-■ 



aaeKTmc pmu-icATiONS. , 6S 

Horizontal. Inclined or KafCer, Triangular. 
Bow-atring, Lenticular and olher Trussea, 
from fixed atrd mavlne; loads, with practical 



Students and Engl 
(tons. Fourth E^ 



lltion. Svo, cloth «3.50 



SHUNK, W. P. The Field Bnsinver. A Handy 

Book of practice In the Survey, Location and 
Track-work of Rallro&dB, contalnlnK a large 
collection of Rules anii Tables, original and 
selected. appllCR,bl( lO both the Statidard and 
Narrow Gauge, ani. prepared with special ref- 
erence to the wants at Ihc young engineer. 
Nineteenth Edition, revised and enlarged. 
With addenda. 12inO, morocco, tucks ,',.V2.S0 
SIMMS, P. W. A Treatlae on Ihe Prtneiples and 
Practice of Leveling, Showing Its application 
to D'lrposps of Rtiilway EnBineerlng, and the 
Coratruction of Roads, etc. Revised and cor- 

Illustrated. Svo. cloth .KC.EO 

nsed ana greatly 

rnapiers illustratlna 



ilHIFSOlV. G. The Kiavnl Constrncloi:. A Vade 

Mecum at Ship Design, for Students, Naval 
Architects, Ship Builders and Owners. Marine 
Superintendents, Engineers and Draughtsmen, 
12nLO, morocco, illustrated. 5D0 pages, net, fSMO 
SIWCLAtR, ANRL'S., Mem. Am. S«f. Mecb. EnK*ni. 
DBVelopment of the Locomotive Engine. Be- 
■ ■ '- of the growth of the locomotive 

. ., ... . _,jtj, biograph- 

inslneers and 

W.oo 

niVDALL, R. n'. 

Noatrand's Westm 
BLATKa. J. W. SeiTHBe Treatment. 
anfl Utilization. A Practical Man 
Use of Corporations, Local Boai 
Officers or Health, Inapectora of 
Chemists, Manufacturers, Rlparl: 
Engineers and Rate-payors. 12mo 
atMAXE, T. O'C. 

latfons: a manzia^ ^^ .,.^^-— .« ^..„ -— = 

emattom, covarlnsr tho wbola fle\a ot 4\tacX. e 



L special aub- 
1, cloth, llluatrated. 

net fa.00 

SSITTH, p. B. BandboDk of Genprat Iniitriictlo 

for Mechanics. Rules and tormolae lor prac 
■tical man. 12mo, cloth, lllua., 324 pp., net, «.» 

1. "W., C. E. The llieorr of DeflFctlonn an 

oC Latitudes and Departurea. With apeclt 
appiicatlons to Curvilinear Surveys, (or Allgt 
menta of Railway Tracks. Illustratod. i6mi., 
morocEO, tuoha §a.m 

.1, C Mnnnfacliirv of Pnlnl. A PtbcIIh 

Handbook (or Paint Manufacturers, Merchant 
and Painters. With Sn lUustrationa and on. 
large diagram. Svo, cloth net, K3.an 

-Wt ChemlBtrr of Hat MonuCaelurliiKt 1-eo- 

tures delivered before tho Hat Manufaot'irers' 
AsBOclallon. Reviaed ani edited by Albert 
Shonk. IZmo, cloth. Illustrated net. HSJMI 

BNBLL, A. T. 

TransoilsBloo 
Power by Cor 

] Mining 

iirtv, w. ir, rorHeanoDK «i sieaiti BeattnK' and 

rBtitilalluc In PreHH. 

—and IVOI.AIS, T. -renttlaTlon, of BnndlBB*. 



I 



SODDT. p. Rndloartlvilyi An EHenM. , — .„ 

tise from the standpoint of the di-iintegraUon 
theory. With 40 RKurea and diaKrams. 8to. 
cloth. Illuslrated net, VS-OO 

Lamp*. IIS llluatnilloai. 

Van NoHtrand'3 Westmin- 
ster Series.) net. W.O0 

Sl>THERK. J. W. The Mariae Sleain Tnrblne. A 

practical daaeriptlon of thr " " — ' — 

Turbine as --..= 

tended for — 

neers. super IntendPTLt eneineers, draughtsmen, 
works managera, foremen, enSiTifcfeta and oth- 
Thlrd EalUon, le-wcVWea — *~ — ' " 



soShTific pdsu cations. 



SHI.E1T, D. H. Art of DrelnK Bud Stalnlu 

Uarble, Artificial Stone, Booe, Uorn. Ivory and 
Waoa, and ot Iinltatlns all sorts of Wood. A 
practical Handbook for the uae ot Jolnera, 
Xurnera, Manulaeturers ot Fancy Goods, Stlclt 
tnd Umbrella Makers, Comb Makers, etc. 
Translated from the German by Arthur Mor- 
ris and Herbert Robson. B.Sc. 3vo, cloth. 170 

^ea net, Vi.M 

tUICl, a. W. A PraiTtleHl TrvBtlw on I^lgbl- 
Blng' Protection. With flsurea and illagrama. 
pmo, oloth fl.M 

IRS, C. L.. Trst-boob of PhTstcal Chem- 

8vo, cloth fS.SO 

UBL, A. W„ Hnd IVOODS, A. T. Blementarr 
(techanlsm. A Text-book for Students of Me- 

5hanical EnBlneerin^, Fifteenth Edition. 12mo, 
loth S2.00 

UI.BY, C^ BDd PIBRSON. G. S. Tbe Separate 
BrstBin of Sawerago: its Theory and Conalruo- 
Upn. Third Edition, revlaed and entareed. 
With chapter on Sewage Disposal. With 
tnaps. plates and 11 lust rations. Sva, cloth, (3.00 

fiLKDAGB, H. C. I^BthenrorkerB' MsbbbIi 

fcelnir a Compendium ot Practical Recipes and 
working Formulae for Citrrlers. Boot-makers, 
beather Dressers, Blacking- Manufacturers, 
Ba4dl^rs, Fancy Leather 'Workers, and all per- 
tpna engaged In the manipulation ot leather. 

|ro. cloth net, •3.S0 

•-SeallBK ^Vflxes. Waferit. and Olbi^r Adbe- 
flves. .For the Household. Otllce, Workshop 
End factory. Svo, cloth, 9B pages, net. tS.QO 
JMAKSlatlnnBtii of all Klnda tor all ParpOBPii. 

"- — I, eloth, 267 pp >3.B0 

__, _. H. Iron and Steel. AVIIli tables 

Ka SG Hfturea and dlnerntms. 375 pp. Illua- 



. P. Paper mil ChemtBt. 91 111 

12 tables. 280 jip. IGmo, cloth. 

. VfiUtT, A. Hodern PolrpliBae HachiBi 

j?Ilh diagrams and ensravinss. ISmo, cl 

pnstrated net, K 

— Tflblen for Field EB«VBe«»«. 

igned Ipr Uae (n the Field. Ta.b\ea co^ta 
rthB Functions of a One Degree Car-ie, 



1 



Sutei 
Siry. 



ffiffi"!'; 



68 D, VAN NOSiSAND company's 

which 0. corrcBpondlns one can be found .faf 
any required Degree. Also, Tables of Na.tura.1 

Sines and Tangrenta. ISmo, cloth VI — 

STILLHAN, P. StPmn-cDKloc Imdlcaior and tbe 
Imnrovea Manonieler Steam and Vacuui.i 
Gauniea, their Utility and Application, New 

EciltToii. 12mo, flexible cloth »!."* 

r. A, Steam Turblnrx. WUfc i 
1 Gas TurbltiES, and the future _- 
t Bneintis. Authorized tranHlation by Dr. 
uuuiH C, Laewenateln (Lehigh Unlverelty). 
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„. Inatruetion In the Bleniants of the Art and 
Science of War. lor the Use of the Cadets of 
the United States Military Acadamy, West 
Point, N. T. 12mo, cloth Jl.TH 

Field -FoTtlfieatiDns. The EllvmrntB of WlrlA 

Fortincatlona, for tlio Use of the Cadets of the 
United SlatPS Military Academy, Weat Point, 
N. Y. 12mo. cloth »1.7r 
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